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This thesis deals with charge injection at metal-organic (MO) interfaces and elec-
trical transport in organic semiconductor thin films using ballistic electron emission
microscopy (BEEM) and other complementary techniques.
Unlike metal-inorganic semiconductor (MIS) junctions, charge transport in metal-
organic diodes is interplay between charge injection at metal-organic interface and
space-charge conduction in semiconductor thin film. The space-charge effect leads
to a transition from injection-limited current to space-charge-limited current at low
temperature. For BEEM experiments, the space-charge effect requires a voltage on
the collector (VBEEM) to tilt the energy band of organic thin film and to assist charge
carriers in hopping towards the collector.
Using conventional current-voltage characteristics and BEEM spectroscopy with
different polarity of VBEEM, we show that metal diffusion modifies metal-on-organic
(M/O) interface by creating low Schottky barrier (SB) patches. BEEM spectroscopy
reveals that, in these low SB patches, both hole and electron injection barriers are
reduced, instead of simply shifting the Fermi level (EF) of organic thin film inside the
band gap.
We have also compared ballistic charge injection studies on MIS, M/O, and metal-
oxide interfaces. We show that unlike the conventional MIS interfaces, both the
valence band and the conduction band structures of organic semiconductors and ox-
ides can be characterized by BEEM. Such a finding greatly improves the versatility
of BEEM in studying interfacial electronic structures. Based on these results, we
point out that the current knowledge of BEEM, derived mainly from metal-inorganic
semiconductor interfaces, is insufficient for understanding ballistic charge injection at




1.1 Metal-on-organic and organic-on-metal inter-
faces
Despite the fact that organic semiconductors have made a great commercial success
in organic light-emitting diode (OLED), metal-organic interfaces are still under ex-
tensive investigations and debate due to their complexity and their potential device
applications in other fields, especially in organic field-effect transistor (OFET).
Though generally called metal-organic (MO) interfaces, metal-on-organic (M/O)
interfaces are usually quite different from organic-on-metal (O/M) interfaces both in
physical and electronic structures. While abrupt O/M interfaces can be easily pre-
pared by the evaporation of organic molecules on metal surfaces, evaporating metal
on organic thin-film surfaces usually lead to diffuse M/O interfaces. Compared to
metals and inorganic semiconductors, molecules in organic thin films and single crys-
tals are quite loosely packed, which makes metal atoms easily penetrate into the
organic layer during the top electrode evaporation. Moreover, thermal evaporation of
organic molecules usually leads to an island growth or a quasi layer-by-layer growth
1
2of thin films, producing rough surfaces as well as small grain sizes (which means high
concentration of grain boundaries).
In general, when metal-molecule chemistry dominates, meaning the metal is re-
active with the molecules, interfacial diffusion causes insignificant difference in the
electronic structures between metal-on-organic (M/O) and organic-on-metal (O/M)
interfaces [1–3]. For these systems, M/O and O/M will have the same energy level
alignment and charge injection barriers, though the M/O interface is diffuse and
the O/M interface is abrupt. In-situ current-voltage characterization of this kind of
metal/organic/metal sandwich structures also gives nearly identical behavior for the
M/O and O/M interfaces [1–3]. In contrast, the effects of metal diffusion on the elec-
tronic structures of M/O interfaces without interfacial chemistry are barely known,
mainly due to the difficulty in controlling the quality of M/O interfaces.
One approach in understanding metal diffusion and interfacial electronic struc-
tures was proposed by Kahn et al [4]. In this model, diffuse metal atoms acted as
dopants in molecule matrix without modifying the band structure of the organic [4].
The doping from metal atoms simply moved the Fermi surface (EF) of organic thin
film upwards or downwards, depending on the relative positions between the polar-
ized electron affinity (EAMO) and ionization energy (IEMO) of metal atoms and the
HOMO and LUMO of organic thin films, as shown in the schematic diagram in Fig.
1.1.
Following this picture, Ag atoms will function as acceptors in pentacene thin film
and reduce the hole injection barrier. After diffusing into pentacene molecular matrix,
Ag atoms will experience electronic polarization, which increases the electron affinity
(EA) and decreases the ionization energy (IE) of Ag atoms with respect to the case in
3Figure 1.1: A schematic diagram of the energy levels of diffused Ag atoms in pen-
tacene thin film. Ag diffusion induces hole doping in pentacene thin film near the
Ag/pentacene interface [4]. IEAg = 7.58 eV, EAAg = 1.93 eV, HOMOPn ≈ 3.9 eV,
and LOMOPn ≈ 2.1 eV.
vacuum [4]. Such electronic polarization is further enhanced by the clustering of Ag
atoms inside the molecular matrix [5]. With a typical 2 eV polarization energy, the
IE of Ag atoms will be changed from the isolated state of IEM=7.58 eV to the diffuse
state of IEMO=5.58 eV, while the EA of Ag atoms are much increased from EAM=1.93
eV to EAMO=3.93 eV. Because the EAMO is closer to the HOMO of pentacene thin
film than the IEMO to the LUMO, diffuse Ag atoms will function as acceptors in
pentacene thin film [4].
Though this theory may explain the experimental observation of the specific sys-
tems [4], systematic research on the effects of metal diffusion on the electronic struc-
tures of M/O interfaces has not been done.
It is also noteworthy that there is currently a big gap between the fundamental re-
search in understanding M/O and O/M interfaces and the device application research.
4Up to now, most knowledge of M/O and O/M interfaces is based on extremely criti-
cal experimental conditions: ultra-high vacuum, single crystal and ultra-clean metal
surface, in-situ sample preparation and characterization. In contrast, for most de-
vice application studies, realistic experimental conditions, high or medium vacuum,
polycrystalline metal substrates, air exposure-induced surface contamination, are in-
volved.
It has been pointed out recently that such realistic experimental conditions play
important roles in the formation and the final interfacial electronic structures of M/O
and O/M interfaces [2, 6]. Thus, a systematic study on M/O and O/M interfaces
prepared under realistic conditions is necessary to bridge the gap between the funda-
mental and applied research.
1.2 Charge transport in metal-organic diodes: in-
terplay between injection-limited current (ILC)
and space-charge-limited current (SCLC)
1.2.1 The classical injection-limited current in metal-inorganic
semiconductor diodes
In conventional metal-inorganic semiconductor diodes, current flow through the diodes
is completely controlled by charge injection at the metal-semiconductor interfaces. As
shown in Fig. 1.2, the alignment of EF and vacuum level energy at metal/semiconductor
5Figure 1.2: Ag/p-Si diode under equilibrium (a), reverse bias (b) and forward bias.
Current flow in this type of diodes is completely controlled by charge injection at the
metal-semiconductor interface, while the space-charge effect is negligible. EV = 5 eV
and EC = 4 eV.
interface (the Schottky-Mott limit) creates an interfacial depletion layer. When a pos-
itive (reverse) bias is applied to Ag, the external electric field increases the width of
the depletion layer and the height of the injection barrier from p-Si to Ag. In contrast,
with a negative (forward) bias, both the width of the depletion layer and the height
of the injection barrier from p-Si to Ag will be reduced. In both cases, the applied
voltage drops at the M/S interface while the energy bands in the bulk Si remain flat,
leading to an injection-limited current flow through the diode.
Quantitatively, the injection-limited current-voltage characteristics of this type of
metal-inorganic semiconductor diodes can be modeled very well by the thermionic
emission theory proposed by Bethe [7], using the formula:






where A∗ = 4k
2qpim∗
h3
is the effective Richardson constant.
If the mobility of semiconductor is not as high as for Si and GaAs wafers (electron
mobility: µSi ≤ 2000 cm−2V−1s−1; µGaAs ≤ 9000 cm−2V−1s−1.), charge transport
through M/S interface may be controlled by interfacial diffusion process, following
6the equation proposed by Schottky [8]:










represents the maximum electric field at the M/S inter-
face.
A more general charge injection theory at M/S interface, taking both thermionic
















and νD = µnEmax. Note that this model agrees with the thermionic-
emission theory when νD À νR, and is consistent with the diffusion theory with
νR À νD.
1.2.2 Space charge effects in metal-organic diodes and field-
dependent mobility in organic semiconductor
The charge carrier mobility of organic semiconductors is rather low compared to the
common high-mobility Si and GaAs. For spin-coated polymer semiconductor, the mo-
bility is in the range of 10−6 cm−2V−1s−1. Recent organic semiconductor research has
been focusing on planar pi-conjugated molecules, usually prepared by thermal evap-
oration. Among them, purified single crystals of pentacene have the highest room-
temperature charge carrier mobility, which is around 35 cm−2V−1s−1 [10]. For device
application, organic thin films are more preferred, in which mobility is 1 cm−2V−1s−1
or even lower.
7Figure 1.3: Typical crystal structure of planar pi-conjugated semiconductors. In this
structure, two inequivalent molecules are herringbone-packed in the a-b plane with
relatively strong intermolecular pi-pi interaction, while along the c-axis molecules are
bound by van der Waals force with negligible electronic coupling.
It is also noteworthy that charge carrier mobility in organic semiconductors is
highly anisotropic. Fig. 1.3 shows the typical crystal structure of planar small
molecules. Charge carrier mobility in this structure is closely related to pi-pi in-
teractions induced by molecular packing. In the a-b plane, band-like transport and
medium mobility (0.1 to 35 cm−2V−1s−1) can be found due to sufficient pi orbital
overlapping. In contrast, along the c-axis, hopping-related transport and very low
mobility (comparable to disordered polymer semiconductors) are expected, since pi-pi
interactions along this direction is negligible. Though organic field-effect transistor
(OFET) usually utilize the medium mobility in the a-b plane, many organic elec-
tronic devices take the sandwich structure of metal/organic/metal, in which hopping
transport may be dominant.
8These two factors show that the classical injection-limited models are not applica-
ble to metal-organic semiconductor diodes. One simple modification of the diffusion
theory to take the space-charge effect into account is treating charge-injection and
space-charge conduction separately:









J(x) = qµnN(x)F (x). (1.2.5)
These two equations can be solved in a self-consistent way to get the I-V charac-
teristics of metal-organic diodes using the boundary conditions:
J(0) = Jinj(F0), andF (0) = F0. (1.2.6)
Note that in this case current flow in metal-organic diodes is still injection-limited,








In disordered polymer semiconductors, it is generally found that charge carrier
mobility is electric field-dependent, following the empirical equation [12]:










This field-dependent mobility can be easily incorporated into the diffusion-SCLC
model by replacing the mobility using Equation 1.2.8:




























F (x))N(x)F (x). (1.2.10)
91.2.3 Hopping injection at metal-organic interface and charge
transport in organic thin film: interplay between ILC
and SCLC
Though the above mentioned diffusion-SCLC model can give a self-consistent way
in modeling the current flow through metal-organic diodes, it is generally found that
current injection at metal-organic interfaces is over estimated when using the diffusion
theory. It is also found that current injection at MO interfaces is not very sensitive
to temperature changes, in contrast to the strong temperature-dependent diffusion
injection current.
Based on these experimental findings, it has been proposed that current injection
at MO interface is by hopping process instead of thermionic emission [13, 14]. In
Arkhipov et al ’s treatment, charge injection at MO interfaces is a two-step process
[14]. Charge carriers first jump from the Fermi surface of metal to localized states in
organic near the interface. The injected charge carriers will either flow back to metal
or keep on hopping forward with the assistance of an external electric field. In this
























where ν is the attempt-to-jump frequency, a is the distance from metal to nearest hop-
ping sites, γ is the inverse localization radius, g(E) is the density-of-states function,






), E > 0,
1, E < 0
. (1.2.12)
Similar to the diffusion-SCLC model, equation 1.2.11 defines the injection bound-
ary conditions by J(0) = Jhop(F0) and F (0) = F0. The I-V characteristics of
metal-organic diodes should be calculated by solving equation 1.2.11 with J(x) =
qµnN(x)F (x).
In general, the hopping model gives better description of charge injection at metal-
organic semiconductor interfaces than the classical models [15, 16], and is confirmed
by Monte Carlo simulation [17]. More interestingly, it predicts complex interplay
between injection-limited current and space-charge-limited current as a function of
temperature and electric field. Because the hopping injection has a much weaker
temperature dependence, current in metal-organic diodes at low temperature could
be controlled by space-charge conduction even with an injection barrier as high as
1 eV. On the other hand, at high temperature, I-V characteristics of metal-organic
diodes could be injection-limited even with a relatively low injection barrier. At
intermediate temperature and with a high injection barrier (for example, 0.7 eV), the
model gives a combined I-V characteristics that is space-charge limited at low and
high electric field, and is injection limited at moderate electric field [18].
Such interplay between SCLC and ILC has not yet been observed by experiments,
which requires well-controlled MO interfaces and temperature-dependent charge trans-
port measurements.
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Figure 1.4: (a) Schematic diagram of BEEM experiments on metal/semiconductor
interface. (b) Schematic energy diagram of BEEM (Ag/p-Si interface as an exam-
ple). Process A: ballistic holes with enough kinetic energy crossing the MS interface.
Process B: ballistic electrons relax to the Fermi surface and excite hot hole distribu-
tion in the base. Those Auger-related holes may also cross the MS interface and be
detected as BEEM signals with enough energy.
1.3 Ballistic electron emission microscopy (BEEM)
and its applications in studying metal-organic
interfaces
1.3.1 Ballistic electron emission microscopy (BEEM)
BEEM is a three-terminal modification of scanning tunneling microscopy (STM),
pioneered by Kaiser and Bell [19–21]. Fig. 1.4a shows the typical sample geometry
and electronic circuits of a BEEM experiment. The BEEM sample is a sandwich
structure of metal/semiconductor/metal. The top metal electrode (the base) defines
the metal/semiconductor interface to be investigated by BEEM, while the bottom
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electrode (the collector) should be in ohmic-contact with semiconductor and is used
to detect BEEM signals. To do BEEM, the base is grounded and connected to a
STM circuit and the collector is connected to the same ground through an extra
current amplifier (BEEM amplifier). The same BEEM circuit can also be used to
study metal/oxide/semiconductor (MOS) structure, in which the collector is usually
biased to tilt the energy band of oxide [22].
The working principles of BEEM is illustrated in Fig. 1.4b using the energy
diagram of Ag/p-Si. During BEEM acquisition, ballistic (hot) charge carriers are
injected into the thin base layer (∼10 nm typically). Some hot charge carriers can
transport through the Ag layer and reach the Ag/p-Si interface without scattering.
If their energy is higher than the Schottky-barrier height (SBH), these carriers may
cross the interface and contribute to the BEEM current, IB. IB can be recorded as
a function of tip position with a fixed tunneling voltage (VT), which is called as the
image mode. In this mode, STM topography image and BEEM current image are
recorded simultaneously. IB can also be recorded as a function of VT with fixed tip
position, which is referred as BEEM spectroscopy mode.
In Fig. 1.4b, we use Ag/p-Si as an example to emphasize that though gener-
ally called as BEEM, ballistic hole injection instead of electron is studied by BEEM
for metal/p-semiconductor interfaces. For clarity, in this study, we refer BEEM to
ballistic injection of majority charge carriers into semiconductors, meaning electrons
for n-type and holes for p-type semiconductors correspondingly. The terminology,
reverse-BEEM (RBEEM) is used when ballistic injection of minority charge carrier
are involved. For the spectroscopy mode, we define ballistic hole injection as ballistic
hole emission spectroscopy (BHES) to distinguish it from ballistic electron emission
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spectroscopy (BEES).
It is also noteworthy that for this conventional Ag/p-Si interface, the existence of
a depletion layer and a flat energy band in semiconductor decide that only BEEM
signals related to holes (majority charge carriers) can be detected. When trying to
inject ballistic electrons (minority charge carriers), they will first be rejected by the
built-in electric field in the depletion region. Even when electrons’ energy is high
enough to cross the depletion layer, they will flow back into the base because of the
flat energy band in semiconductor and zero hole barrier at p-Si/Ag interface.
So, in principle, intrinsic RBEEM contributed by minority charge carriers is not
expected in conventional M/S interfaces due to the interfacial band bending and flat
energy bands in semiconductor. However, injected hot electrons can relax to the
Fermi surface and excite hot hole distribution in the base, shown as process B in Fig.
1.4b. These Auger-related hot holes can also cross the Schottky barrier with enough
energy. Thus, by injecting hot electrons (minority charge carriers), a hole BEEM
signal could also be detected. We refer this phenomenon as Auger-RBEEM, in order
to distinguish it from the intrinsic RBEEM.
Up to now, no convincing BEEM and RBEEM on the same sample have been re-
ported, though there is some evidence in support of the existence of minority-charge-
carrier related BEEM signals [23, 24]. Whether this limitation, BEEM and RBEEM
cannot be done on the same sample, is applicable to MOS structures and M/O in-
terfaces is still questionable, since energy level alignment and interfacial electronic
structures in these two systems are distinct from the conventional M/S interfaces.
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1.3.2 BEEM studies on metal/organic interfaces
BEEM on Ag/polymer interfaces
BEEM studies on metal-organic interfaces were first reported by Chandrasekhar’s
group [25–27]. In these reports, BEEM experiments were carried out in a sandwich
structure of silver-polymer-gold, in which silver was used as the base for hot electron
injection and gold as the collector for BEEM signals detection. Two widely used func-
tional polymers in OLED devices, poly-paraphenylene (PPP) and poly-2-methoxy-5-
2-ethyl-hexyloxy-1,4-phenylenevinylene (MEHPPV) had been investigated.
BEEM study on Ag-PPP interface [25–27] showed a noticeable distribution of
Schottky barrier heights (SBH) from 0.3 to 0.5 eV by the Kaiser-Bell fit to the raw
BEEM spectroscopy data. Nanometer scale injection inhomogeneities in BEEM im-
ages were also reported in these papers. The injection inhomogeneities were connected
with the observed Schottky barrier variations and the bright areas in BEEM images
were supposed to correspond to nanoscale interfacial patches with low SBHs. How-
ever, this conclusion was drawn by numerical calculations, and was not supported by
direct measurements of barrier heights on bright and dark transmission areas respec-
tively.
BEEM on Ag-MEHPPV interfaces were also reported by Chandrasekhar’s group
[27]. For this M/O interface, nanometer scale injection inhomogeneities in BEEM
images were also observed. However, no information on Schottky barrier heights of
this interface and variations in SBHs was provided in the report. The failure in ac-
quiring SBHs was attributed to the bad sample quality. Again, the high transmission
areas were explained by nanoscale interfacial patches with low SBHs without direct
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experimental results.
Those studies on Ag-polymer interfaces done by Chandrasekhar et al successfully
applied the BEEM technique to M/O interface study and presented some interesting
experimental results, like SBH distribution and nanometer scale injection inhomo-
geneities. However, some key issues are not answered or even overlooked in their
research.
First, the inhomogeneities in BEEM images were directly connected with the vari-
ations in Schottky barrier heights without direct experimental support. This conclu-
sion oversimplifies the complex charge injection process at M/O interfaces, since the
contrast in BEEM images can have different origins, like interface diffraction, thick-
ness variations of the base metal layer, boundary effects as well as variations in barrier
heights [20]. Moreover, the raw BEEM spectroscopy data are quite noisy, which may
lead to significant errors when doing Kaiser-Bell fitting and may be responsible for
the reported variations in barrier heights.
Besides these, interfacial diffusion of metal atoms into the organic layers, which
can also lead to an inhomogeneous M/O interface, was not taken into account by
the authors. Interface dipole, which exists almost for every M/O interface, was also
overlooked by the authors when analyzing band structures of M/O interfaces. As a
result, the conventional Schottky-Mott rule, which is only true for interfaces without
interfacial dipoles, was still used to estimate the injection barrier at M/O interfaces.
BEEM on Au/octanedithiol/GaAs(001) interface
Besides Chandrasekhar’s group, Hsu’s group also presented their BEEM results on
M/O interfaces in a sandwich structure of Au/octanedithiol/GaAs(001) [28]. The
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Schottky barrier height of Au/octanedithiol/GaAs(001) diode (1.45 eV) was signif-
icantly higher than that of Au/GaAs(001) (0.87 eV). Lateral inhomogeneity of the
interfacial structure as represented by the contrast in BEEM images was also re-
ported in this study. Origin of this nanoscale inhomogeneity is not well explained in
this paper, and there are noticeable variations both in the molecule layer and the Au
base layer, which may be responsible for the difference in ballistic electron transmis-
sion probability. One interesting feature presented by this research is the complex
oscillation structure in BEEM spectroscopy when the STM bias voltage exceeds 1.7
V. This phenomenon was explained by electron tunneling from the Au layer to the
conduction band of GaAs through the molecule layer. Metal/SiO2/Si MOS structures
also show oscillation structures in BEES spectra, which can be well understood by
quantum interference effects introduced by the existence of two interfaces: metal-SiO2
and SiO2-Si interfaces [29].
BEEM on Au/discontinuous monolayer/GaAs interfaces
Recently, Haick et al reported BEEM study on Au/discontinuous monolayer/GaAs
interfaces [30]. In their paper, the effective barrier height of Au-GaAs interface was re-
ported to be tuned by molecular monolayers with different dipole properties. Though
their findings about the connection between the effective barrier height of Au/GaAs
interface and interfacial dipole provide some new insight in understanding M/O in-
terfaces, the experimental results are not explained very well. First, the modification
of Schottky barrier height is not proportional to the pinhole sizes. According to their
explanations, smaller pinhole should correspond to lower Schottky barrier height since
smaller pinhole has more effective field emission at the edges. Another problem is
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that the increase in SBHs may be induced by photocurrent instead of ballistic electron
transport, since the tip bias (1.4 V) exceeded the band gap of GaAs.
In a summary, despite the successful applications of BEEM into M/O interface
studies, there are some deficiencies in BEEM experiments and data interpretations.
The first problem is how to prepare BEEM samples with clean M/O interfaces
without diffusion and chemical reaction. Next, the current interpretation of the lateral
inhomogeneity of M/O interface in BEEM images by variations in barrier height needs
verification, since such lateral injection inhomogeneities may be introduced by other
factors. The origin of variations in barrier heights as observed by Chandrasekhar et
al also needs to be verified by BEEM spectroscopy with higher resolution. And the
role of interface dipole on charge injection and transport should be taken into account
when analyzing BEEM data and modeling. Finally, space-charge transport in organic
layer after injection should also be considered, since it will in turn influence charge
injection at M/O interfaces.
1.4 Research objectives
The main objective of this thesis is to study charge injection at metal-on-organic
interfaces and charge transport in organic semiconductor thin films using BEEM and
other complementary techniques, and more specifically
• to find a way to prepare metal/organic/metal diodes with clean M/O interfaces
without diffusion and chemical reaction, so that the intrinsic properties of M/O
interfaces can be investigated. This includes controlling organic thin-film growth
with fixed structure and molecular orientation, achieving ohmic-contact at the
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bottom O/M interface and preparing the top metal electrode. For the final
step, different metal preparation techniques, such as direct, direct cold, and
indirect cold evaporation are used to examine the effects of sample preparation
conditions on the quality of M/O interfaces.
• to study the same type of M/O interfaces with different molecular orientations
at the interfaces by BEEM.
• to study the effect of metal diffusion on the interfacial electronic structure of
M/O interface by BEEM and in-situ charge transport measurements.
• to investigate the interplay between charge injection at M/O interface and
space-charge conduction in organic layer using BEEM and in-situ transport
measurements.
• to study the break-down mechanism of M/O interfaces by BEEM and in-situ
charge transport measurements.
• to explore that whether BEEM and intrinsic RBEEM can be done on the same
samples for MOS structures and M/O interfaces.
• to compare ballistic charge injection at M/O interface with MOS structure and
the conventional M/S interface.
The results of the present study may enhance our understanding in charge in-
jection at M/O interfaces and charge transport in organic semiconductors. BEEM
experiments on M/O interfaces with controlled molecular orientations and selected
molecules may contribute to our knowledge of the formation of interface dipole and
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its effects on interfacial electronic structures and charge injection. Break-down ex-
periments using localized, high-energy BEEM current injection and in-situ charge
transport measurements would yield information on the reliability of M/O interfaces
under stressing and help in understanding the break-down mechanism of M/O inter-
faces. BEEM and RBEEM experiments on the same samples for MOS structures and
M/O interfaces may greatly improve the versatility of BEEM in studying interfacial
electronic structure by probing the valence and conduction band structures of oxides
and organic semiconductors at the same time. All the results in this study are ob-
tained on samples prepared under realistic experimental conditions. These findings
may effectively bridge the gap between the fundamental and applied research, and
provide useful guidance for device fabrication.
This study mainly used the BEEM technique to investigate charge injection at
M/O interfaces and charge transport in organic semiconductors. During BEEM ex-
periments, in-situ current-voltage characteristics were measured for supplementary
sample characterization and charge transport studies. Other widely used techniques
in characterizing M/O interfaces, such contact atomic force microscopy (c-AFM) and
Fowler-Nordheim (FN) tunneling, were not used. BEEM experiments were carried
out from 100 K to room-temperature with 0.3 pA resolution, lower temperature (liq-
uid helium) has not been achieved. All BEEM samples were prepared in a separate
organic evaporation chamber and transferred to the BEEM chamber with short expo-
sure to atmosphere, which may induce surface contaminations of the samples. Organic
thin-film structures and molecular orientations were characterized by distance-voltage
(z-V ) spectroscopy, STM, AFM, ultra-violet photoemission spectroscopy (UPS) and




BEEM experiments in this study are done in a variable-temperature STM system
provided by RHK Technology, as shown in Fig. 2.1. The base pressure for the system
is 4×10−8 mbar. Cut PtIr and Au tips are used for image scanning and spectroscopy
acquisition. The BEEM amplifier is either a commercial FEMTO DLPCA or a RHK
IVP 300, both operated at an I-V conversion ratio of 1 V/nA.
As shown in Fig. 2.2, the electrical contact to the base and collector electrodes are
realized by two insulated Au wires (125 µm, teflon insulated). These two Au wires
are welded to two thermocouple pins, which are further connected to two isolated
BNC feedthroughs on the UHV 300 sample stage through two copper leads. Note
that the thermocouple pins are isolated from each other and from the sample holder
by ceramic clamps. It is critical to make sure that BEEM samples are electrically
isolated from the main chamber to prevent noise pick-up.
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Figure 2.1: RHK UHV 300 chamber with RHK VT STM scan head (Courtesy of
RHK Technology).
One advantage of this modification is that both BEEM experiments and the con-
ventional two-terminal charge transport measurements can be done on the same sam-
ple by connecting the two BNC feedthroughs to either BEEM circuits or transport
measurement circuits.
STM experiments are also done in this system. All STM images are recorded in
constant current mode with the sample biased, unless specified otherwise. The STM
amplifier is either a RHK 200 (0.1 V/nA) for general-purpose scanning or a RHK
IVP 300 for low-current data acquisition.
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Figure 2.2: Modifications of the RHK STM system and BEEM sample connections.
2.2 Organic thin film preparation
Pentacene (Pn) thin films in this study are prepared by thermal evaporation in a
vacuum of around 2 × 10−5 Pa, as illustrated in Fig. 2.3. Pentacene powder (99%
sublimation purity from Tokyo Chemical Industry Co. and used without further pu-
rification) was heated up in an alumina crucible. The evaporation rate was monitored
by a quartz crystal microbalance. Before the shutter was open, the source was an-
nealed at around 120 ◦C for 1 hour for outgassing lower vapor pressure contaminants
and to achieve a more uniform temperature. Then, pentacene was evaporated onto
substrates at a rate of 6 nm/min. To prevent the heating-up of substrates due to
thermal radiation, which may induce mixed growth of different phases [31], the sam-
ple holder was cooled by room-temperature (RT) N2 during the whole evaporation
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Figure 2.3: Experimental setup for pentancene thermal evaporation.
Figure 2.4: AFM topography (left) and phase (right) images of 50 nm (nominal)
Pn thin film on SiO2, showing the typical fractal patterns. Grain boundaries and
molecular steps can be clearly seen in the phase image. Scan size: 5 × 5µm2; color
scale in topography: 0 to 45 nm from dark to bright.
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process. The resulting pentacene thin films show the typical flower-like patterns on
SiO2 due to the fractal growth of pentacene with the “thin-film phase” structure
[31, 32], as shown in Fig. 2.4.
Note that the AFM image of our pentacene thin film does not show any phase
separation, indicating that the concentration of 6,13-pentacenequinone in our Pn
thin films is negligible [33, 34]. The AFM images in this study are taken under
ambient conditions using a Dimension TM 3000 atomic force microscope operated in
the tapping mode.
2.3 Metal electrode preparation: direct, direct cold,
and indirect cold evaporation
For different purpose, three different thermal evaporation methods have been em-
ployed in this study. The direct and direct cold methods share the same experimental
setup, except that substrates are cooled by RT N2 in the former while they are cooled
by liquid N2 in the latter, as shown in Fig. 2.5 and 2.6. These two methods are used
to prepare the bottom metal electrodes (the collectors, 40−50 nm typically) by evap-
orating Au or Ag (99.99% purity) onto Si(100) wafers or Mica with a background
chamber pressure of 10−6 Pa and a deposition rate of 0.2 ∼ 0.3 A˚/s. At RT, the
prepared Au/Ag surfaces show the typical granular features with root mean square
(RMS) roughness of ∼ 1.1 nm (Fig. 2.7a), which increases to ∼ 2 nm without the
chromium (Cr) adhesion layer (Fig. 2.7b). Compared to the direct evaporation, the
direct cold method can reduce peak-to-peak roughness significantly but with much
smaller grain size, producing similar RMS roughness of ∼ 1.2 nm to Au/Cr surfaces
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Figure 2.5: Experimental setup for di-
rect and direct cold thermal evaporation of
metal electrodes. For direct thermal, sub-
strates are cooled by RT N2, while for cold
direct method, substrates are cooled by liq-
uid N2.
Figure 2.6: Experimental setup for indirect
cold thermal evaporation of metal elec-
trodes. Metal atoms are carried by Ar2
gas to reach the sample surface.
(Fig. 2.7c).
For the indirect cold method, as shown in Fig. 2.6, substrates are not facing the
metal sources directly. The vacuum chamber is first pumped down to 4×10−6 Pa, and
then back filled with Ar2 (99.99% pure) to 1× 10−1 Pa. Due to the scattering by Ar2,
metal atoms reaching the sample surface have very low kinetic energy. Moreover,
the substrate is cooled down to 120 K typically. These two factors can effectively
suppress metal diffusion into organic thin films and produce sharp metal-on-organic
interfaces. Moreover, by keeping the substrates at 120 K, metal has much better
wetting properties on Pn thin films, which allows the formation of thin and continuous
Ag base layers for BEEM/BEES experiments. It is also important to keep the cooling
trap at liquid N2 temperature, which can prevent condensation on samples’ surface.
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Figure 2.7: (a) Polycrystalline Au/Cr (50/3 nm) surface prepared by RT thermal
evaporation. (b) Polycrystalline Ag (50 nm) surfaces prepared by RT thermal evapo-
ration. The RMS roughness is almost doubled due to the absence of the Cr adhesion
layer. (c) Polycrystalline Au (50 nm) surface prepared by the direct cold method.
Note that in this study, metal electrodes and organic thin films are prepared in
different evaporation chambers. There will be air exposure of 3 - 5 minutes for metal
substrates during transferring from the metal chamber to the organic chamber. Same
amount of air exposure also occurs to organic thin films when they are transferred
back to the metal chamber for top electrode preparation, or for UPS and NEXAFS
measurements.
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2.4 Ultra-violet photoemission spectroscopy and
near edge x-ray adsorption fine structure spec-
troscopy using synchrotron radiation
2.4.1 Ultra-violet photoemission spectroscopy
UPS [35] is a powerful technique in studying organic semiconductors and organic-on-
metal interfaces. Using UPS, important information, including valence band structure
of organic semiconductor, energy level alignment at O/M interface, band bending in
organic thin film and interfacial dipole formation, can be acquired [36].
Working principles of PES (XPS and UPS) are summarized in Fig. 2.8. While
XPS is suitable for detecting element-sensitive core level states, UPS is optimized
to probe valence band structure with milli-eV energy resolution. As shown in Fig.
2.8, by sweeping the energy region close to the Fermi level (referred to the metal
substrate since organic semiconductors usually do not have a Fermi surface), various
frontier molecular bonding orbitals including the highest occupied molecular orbital
(HOMO) can be resolved. The relative intensities of spectral features are related to
the density of states (DOS) in the valence band or to the occupation of states and state
degeneracy in molecular orbitals. The difference between the onset of HOMO and the
metal Fermi level represents the hole injection barrier at O/M interface. The dipole
formation at O/M interface can be determined by the vacuum level shift between
the UPS spectra of clean metal and organic thin film. For some O/M interfaces, the
HOMO level position with respect to the Fermi level of metal will change gradually
as a function of the thickness of organic thin film. This phenomenon corresponds to
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Figure 2.8: Schematic diagram of XPS and UPS (Courtesy of Mr. Dong-Chen Qi).
the band bending in organic thin film.
Note that with appropriate instrumentation, it is also possible to map out the
complete valence band structures in the k-space by doing a detailed angle resolved
study (ARUPS) [35] (not used in this study).
The UV radiation for UPS experiments is usually provided by a helium discharge
lamp emitting He-I radiation at 21.2 eV or He-II radiation at 40.8 eV. In this study,
UPS experiments are done using synchrotron radiation at the SINS end-station in
the Singapore Synchrotron Light Source (SSLS), as shown in Fig. 2.9. The SINS
beamline is equipped with four interchangeable spherical gratings, delivering tunable
monochromatized photons in the range of 50 - 110 eV, 110 - 220 eV, 220 - 440 eV and
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Figure 2.9: Schematic layout of synchrotron radiation and beamlines in SSLS (Source:
http://ssls.nus.edu.sg).
440 - 1200 eV respectively [37]. For UPS, we use monochromatic photo energy in the
range of 50 - 110 eV. Emitted photoelectrons were analyzed using a hemispherical
electrostatic analyzer (Omicron EAC2000-125) at a constant pass energy of 5 eV
and an overall energy resolution of ∼ 50 meV. The angle between the incident light
and the analyzer is fixed at 50 ◦ in the horizontal plane, while the sample could be
rotated freely in both the polar and azimuthal directions. For all UPS measurements,
charging effects are not observed for applied photon fluxes. All binding energies were
calibrated and referenced to the Fermi level of a sputtered gold foil in electrical contact
with the samples.
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2.4.2 Near edge x-ray adsorption fine structure spectroscopy
PES can only probe physical properties related to the occupied electron states at
O/M interfaces, NEXAFS (near edge X-ray absorption fine structure) is widely used
to characterize the unoccupied electronic states [38].
As shown in Fig. 2.10, in NEXAFS, synchrotron radiation is used to excite bound
electrons from the occupied states to the discrete unoccupied states in organic thin
film. Because of the existence of an energy gap in organic semiconductor, the absorp-
tion spectroscopy will not be observed until specific photon energy is reached, when
bound electrons in core levels acquire enough energy to reach the lowest unoccupied
molecular orbitals (LUMO). Such an onset in X-ray absorption spectrum is referred
to the absorption edge. The structure close to this absorption edge (10 - 50 eV) is
known as the near-edge X-ray absorption fine structure (NEXAFS), while the struc-
tures located at higher photon energies (50 - 1000 eV above) are the extended X-ray
absorption fine structure (EXAFS).
From the above description, it is straightforward to see that such X-ray absorp-
tion process depends on the density of the unoccupied states. Thus, NEXAFS gives
valuable information on the conduction band structure, which is complementary to
UPS measurements.
It should be noted that the symmetry of the unoccupied states also play an im-
portant role in NEXAFS spectra. In organic thin film, the conduction band is a
superimposition of different pi∗ and σ∗ orbitals. pi∗ orbital has a transition dipole
moment perpendicular to the molecular plane, while σ∗ orbital has one parallel to
the molecular plane. Therefore, at different X-ray incident angle, NEXAFS measure-
ments will yield different resonant intensity for the same molecular orbital, which is
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Figure 2.10: Working principles of NEXAFS (Courtesy of Mr. Dong-Chen Qi).
an very accurate way to determine the orientation of absorbed molecules relative to
the substrate [38].
In NEXAFS measurements, the X-ray absorption signal can be measured directly
by recording the sample current due to the residual holes in samples as a function of
photon energy (total electron yield (TEY) mode). It can also been done by monitoring
the intensity of Auger electrons using a detector (Auger electron mode (AEY)).
In this study, we mainly use TEY, since it is more bulk sensitive than the AEY
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mode. NEXAFS spectra are measured at the C K -edge using linearly polarized X-
rays (P=0.9, p-polarization), with the photon energy resolution E/4E set at about
1000. The incident X-ray angle is changed by rotating the manipulator. All spectra
are normalized to the incident photon flux using the drain current of the refocusing
mirror as a monitor of the photon beam intensity. The NEXAFS spectra are also




charge transport in pentacene thin
films
3.1 Introduction
Pentacene (Pn) is a prototype planar molecule semiconductor. Along with rubrene,
Pn single crystals hold the highest charge carrier mobility among organic semicon-
ductors. Pentacene has shown many promising device applications, including organic
thin-film transistors (OTFTs) [31], photodiodes [39, 40], and high-frequency rectifiers
[41]. In such devices, pentacene thin films of a few hundred nm thickness are used as
the functional layer, deposited on or sandwiched between metal electrodes.
Pentacene and other planar pi-conjugated semiconductors share very similar crys-
tal structures as shown in Fig. 1.3. Pentacene single crystal has a triclinic structure
with lattice parameters a = 6.14 A˚, b = 7.93 A˚, c = 16.03 A˚, α = 101.9 ◦, β = 112.6 ◦,
γ = 85.8 ◦ [42]. In the a-b plane, pentacene molecules are herringbone packed, with
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two molecules per unit cell. When pentacene is thermally evaporated onto SiO2 sub-
strates at room temperature, the structure is quite different from that of single-crystal
pentacene. The herringbone structure in the a-b plane remains, but the a, b, and γ
parameters change to 5.91 A˚, 7.58 A˚, and nearly 90 ◦, respectively [43]. Moreover,
the interlayer distance, d001 is elongated to 15.4 A˚, from 14.5 A˚ in the single crystal
[42, 43]. Dimitrakopoulos et al first observed this different interlayer periodicity and
distinguished these two different structures by the terms “single-crystal phase” and
“thin-film phase” [31, 44]. The “thin-film phase” characterized by the elongated d001
was also found on other inert substrates, such as quartz, polyester [45], glass, and
the polymer poly(methyl methacryalate) (PMMA) [46], which interact weakly with
molecules by van der Waals forces.
This chapter mainly focuses on charge injection at Ag/pentacene interfaces and the
subsequent charge transport in pentacene thin films. Ag is chosen here because of its
wide usage in device applications, its non-reactive chemical property with pentacene
and its appropriate working function to form Schottky contacts with pentacene thin
films. The results obtained on this prototype M/O interface should be applicable to
other non-reactive metal-on-organic interfaces.
This chapter is organized into three parts. The first part, Section 3.2, is related to
metal/organic/metal diode fabrication. The main objectives in this part are to realize
well-controlled pentacene thin-film growth on metal substrates and to achieve ohmic
contact at the organic-on-metal interfaces. We first show that pentacene growth on
metal substrates are strongly dependent on molecule-substrate interactions at the or-
ganic/metal interfaces by comparing thin-film structures and molecular orientation
of pentacene on Ag, Au and inert substrates (SiO2 and PEDOT:PSS). Such strong
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molecule-metal interactions produce pentacene thin films with small grain sizes and
rough surfaces. Direct evaporation of pentacene on these as-prepared metal (termed
air-Au and air-Ag respectively) substrates leads to Schottky-type contacts at the or-
ganic/metal interfaces which are not suitable for BEEM experiments. These problems
can be solved by O2-plasma treatment of the metal surfaces before pentacene evap-
oration. After O2-plasma treatment, the molecule-substrate interaction is effective
suppressed and quasi layer-by-layer growth of pentacene with the “thin-film phase”
structure is resumed with ∼ 5 times bigger grain size and much smaller surface rough-
ness. Most importantly, an ohmic contact at the Pn/Ox-Au interface is achieved.
In the second part, Section 3.3, we present temperature-dependent charge trans-
port studies on Ag/Pn/Ag diode structures. We show that direct metal evaporation
on organic thin films produces metal-on-organic interfaces close to ohmic contacts
due to metal diffusion into the organic matrix. We also observe a complex transition
from injection-limited current to space-charge-limited current in Ag/Pn/Ag diodes as
a function of temperature, which is the first experimental observation in support of
Arkhipov et al ’s theoretical prediction [18].
In the third part of this chapter, Section 3.4 and 3.5, we study charge injection
at Ag/Pn interfaces and charge transport in Ag/Pn/Ox-Au diodes. We first show
that depending on the strength of metal diffusion into the organic matrix, different
types of metal-on-organic interfaces, namely ideal, slightly-diffuse and heavily-diffuse,
can be produced. We also show that upon continuous I-V stressing, transitions from
ideal to slightly-diffuse and from slightly-diffuse to heavily-diffuse M/O interfaces can
be observed. Using biased BEEM spectroscopy on a slightly-diffuse Ag/Pn/Ox-Au
structure, we show that metal diffusion introduces low Schottky barrier patches at
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the M/O interface, intermixed with the non-diffuse areas. In these low SB patches,
metal diffusion lowers both hole and electron injection barriers instead of shifting the
Fermi level of pentacene thin film inside the band gap. Compared to the conventional
Ag/p-Si interface, the hopping nature along the c-axis requires an external electric
field in pentacene thin film to assist charge carriers in hopping through molecular
monolayers toward the collector. This hopping nature also allows BHES and BEES
to be done on the same sample with different bias polarity on the collector, in contrast
to the Auger signals in convention Ag/p-Si system with hot electron injection.
3.2 Pentacene thin-film growth on metal substrates
3.2.1 Effect of molecule-substrate interactions on thin-film
structures and molecular orientation of pentacene on
silver and gold
As discussed in the introduction of this chapter, pentacene has a well-defined “thin-
film phase” structure on inert substrates, which only interact weakly via van der
Waals forces with pentacene molecules.
In contrast, pentacene thin-film growth on metal electrodes is not well understood
due to the strong molecule-substrate interactions at the interface. The interaction
mechanism and its influence on subsequent thin-film growth are still unclear. One
possible explanation of the molecule-metal interactions is the electronic interaction
between the pi-orbitals of pentacene and the empty d-orbitals of the metal atoms [47].
Repp et al observed bond formation and charge transfer between a gold atom and
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one single pentacene molecule using STM; the results are explained by the interaction
between the 6s electrons of gold and the molecular orbitals of pentacene [48].
In general, the strong molecule-substrate interaction at the interface causes pen-
tacene molecules in the first monolayer to lie flat on the surface [49–56]. Subsequently,
additional molecules will nucleate on this monolayer to form thin films. On Cu(110),
a complex transition was observed from the first planar monolayer to an intermedi-
ate phase with the molecular long axis parallel to the substrates, and finally to the
“thin-film phase” with nearly perpendicular (73 ◦) molecular orientations [53]. The
intermediate “flat-lying phase” is packed in a herringbone structure with different
lattice parameters a = 7.4 A˚, b = 14.7 A˚, c = 7.7 A˚, and γ = 72 ◦ and a molecular
tilt angle of 28 ◦ [53].
On gold, the model for thin-film growth of pentacene is still under debate. Kang
and Zhu claimed a layer-by-layer growth on Au(111) in which pentacene molecules lie
flat with their long axis parallel to the surface and the aromatic rings stacked face to
face [54, 57]. Using XRD and NEXAFS, Hu et al found that the “flat-lying phase”
still exists on poly-Au with a nominal film thickness of 100 nm [58]. However, the
structure of the “flat-lying phase” was explained by a 90◦ rotation of the [001] axis
of the “thin-film phase” from nearly perpendicular to parallel to the substrate plane.
On the other hand, Beernink and co-workers proposed that the molecular orientation
on the atomically flat Au(111) surface changes from flat-lying to perpendicular when
multilayer films grow on the first flat-lying monolayer in the Stranski-Krastanov mode
[55]. On Au(110), the low packing density of the first wetting layer makes the multi-
layer planar phase impossible, and induces the subsequently evaporated molecules to
grow in an upright configuration with the Stranski-Krastanov mode [56]. In practical
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applications of organic devices based on pi-conjugated oligomers and polymers, it is
important to know how molecules pack and to find a way to control the packing, since
the pi-orbital overlap between adjacent molecules will determine the charge transport
characteristics and the device performances [59–61].
In this subsection, we compare pentacene thin-film growth on polycrystalline Ag
and Au substrates (as prepared and air exposed) as well as on PEDOT:PSS. For a
systematic comparison, pentacene thin films with the same thickness but on different
substrates (Au, Ag, and PEDOT:PSS) were prepared together. Poly(3,4-ethylene
dioxythiophene)-poly(styrene sulfonate) (PEDOT:PSS), a promising polymer used
to replace metal electrodes to avoid interfacial dipoles [62], was chosen here as an
inert substrate and was prepared by spin-coating PEDOT:PSS solution onto plasma-
treated indium tin oxide (ITO) substrates. The thickness of the PEDOT:PSS layer
was less than 100 nm.
We first show the valence band structures of pentacene thin films on Ag and Au
substrates. Figure 3.1 and Figure 3.2 compare the UPS results of 50 nm and 5 nm
thick pentacene films on polycrystalline Ag and Au substrates. For thicknesses above
50 nm, UPS spectra on the same type of substrate have almost identical features,
implying that the signals can be attributed almost entirely to the bulk pentacene
films. For Ag substrates, well-resolved valence peaks (labeled a-j ) can be observed.
The area between a and d is the pure pi region, with peak a assigned to pi11 (highest
occupied molecular orbital (HOMO)), peak b to pi9, peak c to pi7, and peak d to pi5/pi6
[49, 63, 64]. In Ref. [63], pi1 is about 6.3 eV below pi11 for the gas phase of pentacene.
When forming thin films, the molecular orbitals split and form band structures as a
result of pi-pi interactions between adjacent molecules [61]. Therefore, the lowest pi
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Figure 3.1: UPS spectra of 50 nm pentacene on air-Ag and air-Au. The valence band
peaks are labeled as a-j. The corresponding pi-orbitals are assigned by the relative
energy difference between the valence band peaks and HOMO. Only distinct peaks
are labeled.
boundary should extend a little below 6.3 eV as obtained from the gas phase. We
classify the area between peak d and peak h as the (pi + σ) region, since significant
changes in the valence band structures of pentacene on Au and Ag were observed.
After peak h, the spectrum is attributed to the pure σ region.
For Au substrates, most of the valence peaks on Ag are discernable and have
been marked correspondingly. However, there are noticeable differences in the region
between peaks a and h, where most of the correlated peaks (for example, peaks e and
h) of pentacene on Au are broadened and their intensities are much reduced. For the
5 nm thick films, such differences in the valence band structures can still be observed,
though they are less-resolved because of the signals from the metal substrates. As
shown in Figure 3.2, the 5 nm thick pentacene on Ag shows most of the valence peaks
defined in Figure 3.1, except peaks b and c. For the same thickness of pentacene on
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Figure 3.2: UPS spectra of 5 nm pentacene on air-Ag and air-Au. The corresponding
valence band peaks are defined in Figure 3.1.
Au, only peaks a, b, d, and j are discernible. Again, the changes in the valence peaks
are mainly observed in the pure pi and pi + σ regions, implying that this behavior
may be induced by different pi-pi interactions of pentacene molecules on Ag and Au
substrates.
Using UPS, we also determined the hole injection barriers at pentacene/air-Au and
pentacene/air-Ag interfaces, by measuring the energy difference between the onset of
HOMOs and the Fermi level of a polycrystalline Au surface. To do this, two Au
substrates and one Ag substrate were placed on the same sample holder. The sample
holder was then transferred to the organic chamber for 50 nm pentacene evaporation,
during which one of the Au substrates was covered by Aluminum foil. UPS spectra
were then acquired on each sample, with the results shown in Fig. 3.3. A distinct
hole injection barrier of 0.6 eV is found at the pentacene/air-Au interface. At the
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Figure 3.3: Hole injection barriers at pentacene/air-Au and pentacene/air-Ag inter-
faces probed by UPS. 40 nm Au and Ag substrates, as prepared. 50 nm pentacene.
pentacene/air-Ag interface, the barrier is a little bit lower, 0.5 eV, but still not ideal
for an ohmic bottom contact. The formation of Schottky-type contacts of pentacene
on as-prepared Au and Ag surfaces will be discussed more in the next subsection.
Hu et al proposed a pentacene thin-film structure on poly-Au with a 90◦ geomet-
rical rotation of the “thin-film phase”. Using XRD, a much lower interlayer spacing of
around 3 A˚ (15.3 A˚ for the “thin-film phase”) was observed, supporting the existence
of the “flat-lying phase” [58]. However, such a geometrical rotation cannot cause
the observed differences in valence band structure, since the intermolecular packing
has not changed. One possible explanation for these differences could be a mixed
growth of both the “thin-film phase” and the “flat-lying phase” with slightly different
unit-cell parameters on Au. As shown by Bre´das et al, a slight change in packing
induces different energy level splitting [61], which could explain the different valence
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band structure of pentacene observed on poly-Au due to the fact that the UPS mea-
surements simply add up photoemission from both phases. This mixed growth mode
can also explain the existence of the [001] XRD peak in Hu et al ’s report, which
would not be expected if there were only the rotated “thin-film phase”. We note
that the different valence band structure on Au could also be caused partially by the
uncovered wetting monolayer, since Au 4f peaks were still detectable (though very
weak) by XPS for the 100 nm thick pentacene film on Au in our experiments, which is
consistent with Ref. [65]. As UPS with a photon energy of 60 eV is very surface sensi-
tive and contributions from the exposed wetting layer become even less, the different
valence band structure observed on Au should be mainly due to the existence of two
crystalline phases. In the following two sections, we confirm the existence of these two
crystalline phases by NEXAFS, STM imaging, and distance-voltage spectroscopy.
To quantitatively determine the orientation of pentacene molecules in the films,
angle-dependent NEXAFS was performed at three incident angles: 20 ◦ (grazing in-
cidence), 55 ◦, and 90 ◦ (normal incidence) [38]. In Figures 3.4 and 3.5, a common
feature in these spectra are the pronounced resonances in the pi∗-transition region
(280 - 287 eV) (NEXAFS results on gas-phase pentacene can be found in Ref. [66]).
For Au (Ag) substrates, the grazing incidence corresponds to the strongest (weak-
est) pi∗ resonance intensity, while the normal incidence gives the weakest (strongest).
Since the dependence of the resonance intensities is given by Ipi∗ ∝| E • T |∝ sin2 α
[38], where α denotes the angle between the electric-field vector E and the transi-
tion dipole moment T of the pi∗-orbitals (which is normal to the molecular plane
of pentacene), such a distinctly different dependence of the resonance intensities on
photon incidence indicates different pentacene molecular orientations on Au and Ag
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Figure 3.4: NEXAFS spectra of 50 nm pentacene on air-Au. The red, blue, and black
curves correspond to the grazing, 55 ◦, and normal incidence angles, respectively.
Inset: Illustration of a mixture growth of the “flat-lying phase” and the “thin-film
phase”.
substrates. Using the intensity ratio of the resonances, we calculated the average
angles of the molecular orientations for all the films and listed them in Table 3.1. It
shows that pentacene molecules on Au have an average tilt angle of about 46 ◦ over
the whole range of thicknesses. On Ag substrates, the tilt angle is around 74 ◦ for all
thicknesses.
Our results on Au are in agreement with the 47.5 ◦ tilt angle reported in Ref.
[58] on poly-Au. In contrast, Beernink et al observed a perpendicular molecular
configuration on a thin film with 4 nm pentacene on atomically flat Au(111) [55]. Hu
et al proposed that the different tilt angles on poly-Au and atomically flat Au(111)
may be attributed to the deposition rate (60 A˚/min for Hu et al, 0.5 - 3 A˚/min for
Beernink et al, and 6 A˚/min for our experiments). However, difference in the growth
rate cannot be the reason for the different pentacene molecular orientations on Au
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Figure 3.5: NEXAFS spectra of 50 nm pentacene on air-Ag, which show a completely
opposite trend compared with the case of Au. Inset: Illustration of possible pentacene
thin-film structures on Ag, showing small crystal domains.
and Ag, since the growth conditions (rate and pressure) in all the experiments are
exactly the same.
A plausible explanation can be attributed to the surface topography and rough-
ness on the two substrates. In our experiments, the surface roughnesses for Au and
Ag substrates are comparable (1.0 nm versus 1.2 nm, respectively), and both sub-
strates show the typical granular surface morphology with a grain size of around 20
nm. Compared with the atomically flat Au(111) substrates, such a small grain size
would yield a mean terrace width of a few nanometers with a large density of step
edges. On the Cu(119) vicinal surface, Gavioli et al showed that the step edges were
the preferred adsorption sites, causing pentacene molecules to align with their long
axis along the step edges [67]. How much this kind of rough surface influences the
packing density of the wetting layer is still not clear, even though it is suggested as
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Table 3.1: Tilt angles of pentacene molecules on air-Au and air-Ag calculated from
angle-dependent NEXAFS with different pentacene thin-film thicknesses.
nominal film thickness (nm) Au Ag
5 44± 5 ◦ 79± 5 ◦
50 46± 5 ◦ 79± 5 ◦
100 50± 5 ◦ 69± 5 ◦
150 45± 5 ◦ (Au(111)) 71± 5 ◦
the key for the layer-by-layer growth of the “flat-lying phase” [54, 56]. However, a
surface roughness induced high concentration of step edges is unlikely the reason for
the different molecular orientations on these two substrates, as both substrates have
comparable roughness and grain size.
Another important factor governing molecular orientation is the molecule-substrate
interaction at the interface. Compared to inert substrates such as SiO2 and glass, the
interactions between pentacene molecules and Au and Ag are much stronger, causing
molecules at the interface to prefer to lie flat. This wetting monolayer may cause
the subsequent molecules to adopt a different orientation from the “thin-film phase”.
However, such an effect should only extend for a few monolayers [68], and pentacene
should resume the “thin-film phase” structure and molecular orientations after the
critical thickness (2 nm for Cu(110)) [53]. From our NEXAFS results, the same 74◦
molecular tilt angle of pentacene at all thicknesses suggests that pentacene thin-film
growth on Ag is similar to that on Cu(110). On Au substrates, such a transition
was not observed and pentacene molecules retained the 46◦ average tilt angle. This
differing behavior of pentacene growth on Ag and Au may be attributed to the differ-
ing molecule-substrate interaction strengths. However, it is difficult to estimate and
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compare this interaction strength without an appropriate theoretical model. There-
fore, the influence of molecule-substrate interaction beyond the wetting layer is still
an open question.
Instead of the 46◦ angle observed from our NEXAFS measurements, the studies
of pentacene on Cu(110) showed that the molecular orientation in the “flat-lying
phase” was 28◦. If only the “flat-lying phase” existed on poly-Au, a few exposed
wetting monolayers will make the average tilt angle even smaller than 28◦. Thus,
the “flat-lying phase” alone cannot lead to the average tilt angle observed on Au.
Instead, a coexistence of both the “thin-film phase” with the long molecule axis nearly
perpendicular to the substrate and the “flat-lying phase” with the long molecule axis
parallel to the substrate could be the explanation for an average tilt angle of around
46 ◦ and the different valence band structure.
It should be noticed that the short exposure of metal substrates to the ambient
may induce surface contamination by physical adsorption of carbon and oxygen spcies
[69, 70]. In Ref. [70], Kahn et al shows that rinsing the Au substrates in acetone
and methanol before vacuum deposition of N,N ′-diphenyl-N,N ′-bis (1-naphthyl)-
1, 1′-biphenyl-4, 4′-diamine (α-NPD) will significantly reduce the interaction inten-
sity between the Au and the molecules. Pentacene growth studies on self-assembled
monolayer (SAM)-modified [58, 71] and plasma-treated [72] Au substrates also show
that surface modifications can suppress the molecule-substrate interaction effectively
and make pentacene grow in the “thin-film phase” or the bulk phase. So, if the sur-
face contamination induced by ambient exposure suppresses Au-molecule interactions
completely, pentacene is expected to grow in the “thin-film phase” with a molecular
tilt angle of 74◦, which cannot explain the observed molecular tilt angles in our and
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Figure 3.6: STM images of 5 nm pentacene on air-Au, taken from the same area
(size=150× 150 nm2) subsequently with different tunneling conditions. (a) First im-
age with Vtip = −2.5V, It = 100 pA, showing two crystalline phases with different
conduction properties. The highly conducting phase is marked by arrows. (b) Second
image with Vtip = −0.3 V, It = 100 pA, showing the granular morphology of the
underlying Au substrate. (c) Third image with the tip bias switched back to the first
set point, showing the removal of the highly conducting areas after the second scan
and the identical underlying Au substrate.
Hu et al ’s experiments. Moreover, surface contamination cannot explain the different
molecular orientations of pentacene on Au and Ag substrates, which are both ex-
posed to ambient pressure for the same time. So, we believe that molecule-substrate
interactions still control the thin-film growth and molecular orientations in our study.
To verify our hypothesis that the 46 ◦ tilt angle of pentacene molecules on a Au
substrate comes from a mixture of the “flat-lying phase” and the “thin-film phase”,
STM was performed on a sample with 5 nm pentacene on poly-Au. Three STM images
were sequentially recorded for the same area under different scanning conditions as
shown in Figure 3.6. Each image took about 120 s for data acquisition. After each
image, the tip voltage was changed to the new set point and the next acquisition was
started, without any area adjustment.
The first image, Fig. 3.6a, was taken at Vtip = −2.5 V and It = 100 pA, whereby
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the electrons can tunnel into the conduction band of the pentacene thin film. Al-
though the image is quite noisy due to the tip picking up pentacene molecules, two
distinct areas can be clearly recognized. The first crystalline phase, marked by arrows,
has a smooth surface and well-defined boundaries. STM images of the remaining ar-
eas show granular features, resembling thermally deposited Au films. From large area
scans (0.84 µm2), the surface coverage ratio of these two phases is estimated to be
40:60. After scanning the first image, the tunneling voltage was reduced to −0.3 V,
which is in the band gap of the pentacene thin film. With this tunneling condition,
the tip was pushed very close to the Au surface to reach the current setpoint, since
no tunneling between the tip and pentacene thin film was allowed. The second im-
age subsequently scanned is shown in Figure 3.6b. As expected, under this scanning
condition, the granular Au substrate was clearly imaged. The tunneling voltage was
then switched back to −2.5 V, and the image in Figure 3.6c was recorded. We can see
from Figure 3.6c that, after the second scan, the highly conducting areas in Figure
3.6a were completely removed, and this image is noisier but almost identical to that
of Figure 3.6b (see the correlated features marked by arrows). The removal of the
highly conducting areas with tip voltage in the band gap supports our hypothesis,
i.e during the first scan, the tip did not penetrate into the “flat-lying phase” and the
conduction of the “flat-lying phase” is bandlike.
To determine the film structures of these two phases, z-V spectroscopy (For a
review, see ref [22]) was carried out on the two phases. Although Beernink et al [55]
argued that multilayer pentacene is impossible to image using STM because of poor
conductivity [55], z-V spectra on the first crystalline phase show that the tip was well
above the thin-film surface. Moreover, z-V spectra on these areas are characterized
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by steep jumps near the threshold (dz/dV ∼= 6×102 nm/V), as shown in Figure 3.7b.
According to Alvarado et al, the steepness of the z−V curves near the thresholds is a
reflection of conductivity and depends closely on crystalline structure [22, 73]. Thus,
we define these areas as the highly conducting areas. From the z-V spectra, we obtain
a hole injection barrier of Ep = 0.55 eV, in agreement with the photoemission results
from our experiments (0.6 eV) and from the literature [49]. (The other threshold at
0.25 eV corresponds to the flat band voltage for charge transport through the PtIr-
molecule-Au junction.) Away from these highly conducting areas, the steepness of the
z-V curves was reduced to less than 50 nm/V, as shown in Figure 3.7a. Typical steps
of 1.8±0.1 nm corresponding to the layer-by-layer penetration of the STM tip into the
pentacene thin film with the “thin-film phase” structure can be easily recognized. For
this phase, the hole injection threshold at around 0.5 eV is still distinguishable. The
poorly conducting properties of the “thin-film phase” can also explain the granular-
like features observed in the STM image in Figure 3.6a by tip penetration into the
organic layer and tunneling between the STM tip and metal substrate.
We now discuss the origin of the two crystalline phases with different conducting
properties in the framework of Bre´das et al ’s calculations. We first consider pentacene
molecules standing up on the surface, forming the “thin-film phase”. In this case,
pi stacking occurs mainly via herringbone packing in the a-b plane parallel to the
substrate surface, while the interactions between adjacent layers are vanishingly small
[61] (An illustration of the structure of the “thin-film phase” is shown in the inset
of Figure 3.5). Such a configuration leads to predominantly two-dimensional charge
transport, which is stronger in the layers but much weaker between layers (along
the [001] direction). This theoretical prediction can be directly supported by recent
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Figure 3.7: z-V spectra of the “flat-lying phase” (bottom) and the “thin-film phase”
(top). As a comparison, the dashed line represents the z-V curves of the Au substrate.
angle- and energy-dependent UPS experiments done by Koch et al, who show that
pentacene thin films have a HOMO band dispersion of ∼190 meV in the a-b plane and
no detectable band dispersion along the [001] axis [74]. Thus, during STM scanning
on the “thin-film phase”, the tip had to penetrate into the film to maintain the set
tunneling current. As a result, the STM current was due to charge conduction through
the tip-molecule-Au Schottky junction [22] (most possibly with one layer of pentacene
because of the poor interlayer conduction along the [001] axis) and tunneling between
the tip and metal film, making the substrate features partially discernible in these
areas.
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On the other hand, if pentacene grows in a layer-by-layer fashion with molecules
lying flat on the surface, the pi overlap will be enhanced because of reduced inter-
molecular separation and head-to-head overlap of pi orbitals [61], when compared
with the herringbone packing in the “thin-film phase”. Moreover, in the “flat-lying
phase” areas, charge conduction along the interlayer direction (perpendicular to the
metal surface) is the strongest, while in the “thin-film phase” it is the weakest (see the
illustration in Figure 3.4 for a reference). As a result, the STM tip remains well above
the surface in these “flat-lying phase” areas under the same scanning conditions.
We should also point out that, in the “flat-lying phase”, molecules may still pack
in a herringbone structure with different lattice parameters from that of the “thin-
film phase”, as has been reported for Cu(110) [53]. If we took 28◦ for the molecular
tilt angle in the “flat-lying phase” and 74◦ for the “thin-film phase”, the combination
of 40% of the former and 60% of the latter would lead to an average tilt angle of
around 56◦, consistent with the NEXAFS results. Moreover, the exposed regions of
the wetting layer found mainly at domain boundaries will also contribute to the total
NEXAFS signal, further lowering the average tilt angle closer to the observed 46◦.
Such a mixture can also explain the change in the valence band structure, since the
two phases have different packing structures and therefore different band splittings.
The film morphology of 50 nm pentacene deposited on PEDOT:PSS, Au and Ag
substrates as determined by AFM is shown in Fig. 3.8. On PEDOT:PSS substrates,
we can see flower-like large crystal domains with sizes of about 1×1µm2, as shown in
Figure 3.8a. After zooming in, well-defined steps of around 1.5 nm could be resolved
(see inset of Fig. 3.8). Such micrometer-size crystal domain and molecular steps
can be better seen in the phase image acquired simultaneously with the topography
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Figure 3.8: AFM topography and phase images (1 × 1µm) of nominal 50 nm pen-
tacene thin films evaporated on PEDOT:PSS, air-Ag, and air-Au. (a) Pentacene on
PEDOT:PSS, showing the typical morphology on inert substrates. The step height
between adjacent terraces is around 1.5 nm, as shown in the inset. (b) The phase
image of pentacene on PEDOT:PSS. Molecular steps and micrometer size crystal do-
mains can be clearly seen. (c) and (d) Topography and phase images of pentacene
on air-Ag, respectively. Only small granular crystalline domains (∼150 nm) can be
distinguished. (d) and (f) Topography and phase images of pentacene on air-Au,
respectively.
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image, as shown in Fig. 3.8b. The result is consistent with that obtained on other
inert substrates, and is attributed to the fractal growth of pentacene with the “thin-
film phase” structure [32].
On air-Au and air-Ag substrates, such flower-like patterns are not found, and the
crystal domain size is reduced to several hundred nanometers, as shown in Fig. 3.8c-
f. This difference is also reflected in the phase images of pentacene on Au and Ag,
in which molecular steps can no longer be observed and the domain size is around
150 nm. Such a change is attributed to the molecule-substrate interactions at the
interfaces, since all the other growth conditions are the same on the three substrates
(the surface roughness of PEDOT:PSS is 0.9 nm). Though polycrystalline substrates
instead of single crystal surfaces were used in this work, we can still expect that
pentacene molecules tend to lie down on the metal surface because of the relatively
strong molecule-substrate interactions, which is supported by the existence of hole
injection barrier as revealed by z-V experiments. The existence of strong molecule-
substrate interactions at organic/metal (O/M) interfaces provides plenty of nucleation
centers for thin-film growth and reduces domain size effectively [75]. Moreover, the
absence of long range ordering in this wetting layer, grown on polycrystalline metal
with a grain size of around 20 nm, also contributes to reducing the domain size.
There are still obvious differences between the morphology and phase images of
pentacene thin films on air-Ag and air-Au. On Ag, both the topography and phase
images of pentacene thin film on Ag show typical granular features with a domain
size of around 120 nm (Fig. 3.8c-d and Fig. 3.9a-b). Since NEXAFS gives a tilt angle
of around 74 ◦ for all film thicknesses on Ag, we propose that every small domain on
Ag has the “thin-film phase” structure with random azimuthal orientations of the a-b
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Figure 3.9: AFM topography and phase images (5 × 5µm2) of nominal 50 nm pen-
tacene thin films evaporated on air-Ag and air-Au. (a) and (b) Topography and phase
images of pentacene on air-Ag respectively. Both show a typical granular feature. (c)
and (d) Topography and phase images of pentacene on air-Au respectively. Phase
separation can be distinguished in the phase image, as indicated by “Phase 1” and
“Phase 2”.
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plane (as illustrated in the inset of Figure 3.5). We believe that pentacene growth
on Ag follows a quasi layer-by-layer mode. During deposition, pentacene molecules
nucleate on each crystal domain, forming islands. As deposition continues, trenches
between islands are gradually filled in and grain boundaries are formed [32]. As for
Au, the domain size is slightly larger and the granular features are not so obvious, as
shown in Fig. 3.8e-f and Fig. 3.9c-d. Moreover, pentacene on Au shows a tendency of
phase separation. The two different phases in pentacene thin film on Au are indicated
by “Phase 1” and “Phase 2” respectively in the phase image, as shown in Fig. 3.9d.
The different surface morphology and phase separation of Pn on Au from that on Ag
should be a direct consequence of a mixture of the “thin-film phase” and the “flat-
lying phase”, and is consistent with the UPS, NEXAFS and STM results. Considering
that the 4f peaks are still detectable, pentacene growth on Au is more likely in the
Stranski-Krastanov mode. An illustration of this mixed three-dimensional growth
can be found in the inset of Figure 3.4.
In summary, we have compared pentacene thin-film growth on air-Ag and air-Au
substrates using complementary techniques of UPS, NEXAFS, AFM and STM. We
observe that pentacene thin films on Ag and Au have different electronic structures,
molecular orientations, and surface morphologies. UPS reveals distinct valence band
structures on Ag and Au substrates. From NEXAFS, we estimated an average molec-
ular tilt angle of around 74 ◦, which means that the molecules almost stand upright on
the surface, for all measured thicknesses on Ag, while the average tilt angle calculated
was around 46 ◦ for Au substrates. Using STM and z-V spectroscopy, pentacene thin
films on Au were found to have two crystalline phases with different conducting prop-
erties and molecular orientations. From the z-V measurements, the low conducting
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phase was found to have the typical 1.8±0.1 nm steps, consistent with the “thin-film
phase” structure with molecules standing nearly perpendicular to the substrates.
We conclude that while pentacene molecules stand up on the surface and form
the “thin-film phase” on Ag, pentacene growth on Au is a mixture of the “thin-film
phase” and the “flat-lying phase”. These two crystalline phases have different lattice
parameters and molecular orientations, leading to different valence band structures
from those on Ag, as well as a 46 ◦ average molecular tilt angle, and to different
conducting properties, resulting in different contrasts in the STM images and distinct
z-V spectra.
The different behavior of pentacene on Ag and Au could most probably be in-
duced by different molecule-substrate interactions, and it cannot be explained by
factors such as pressure, growth rate, and substrate roughness. To fully understand
this difference, in situ studies with film thickness monitoring as well as theoretical
models and calculations will be necessary. The latter appears more challenging, since
the nature of the interactions between the Ag and Au metals and the molecules is still
unclear. Nevertheless, when choosing metal electrodes for device applications with pi-
conjugated organic semiconductors, the molecule-substrate interaction induces struc-
tural differences, which in turn influence the charge transport. This must be taken
into account, in addition to the energy level alignment at the metal-organic interface,
for organic device fabrications.
For the BEEM experiments in this study, pentacene thin films evaporated on as-
prepared Au and Ag surfaces and the interfacial electronic structure of Pn/air-Au(Ag)
are far from ideal. First, pentacene thin films on as-prepared Au(Ag) are character-
ized by small grain size (10 times smaller than those on Si and PEDOT:PSS), but
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with almost the same peak-to-peak roughness as those on inert surfaces. The high
concentration of grain boundaries in these thin films will make clean metal-on-organic
interfaces difficult to prepare due to stronger metal diffusion at grain boundaries. The
high concentration of grain boundaries also make the preparation of thin and contin-
uous top metal electrodes more difficult, which is also critical for a success BEEM
experiment. Another criterion for BEEM samples, an ohmic contact at organic/metal
interface is also not satisfied by this kind of pentacene thin film evaporated on as-
prepared Au and Ag surfaces, as revealed by UPS and z-V spectroscopy.
In the next subsection, we will introduce the method to resume the quasi layer-
by-layer growth of pentacene thin films on Au substrates and to achieve an ohmic
contact at pentacene/Au interfaces, by oxygen plasma treatment of Au surfaces.
3.2.2 Pentacene thin-film growth on oxygen plasma-treated
gold surface (Ox-Au)
The method to tune hole injection barriers at pentacene/Au interfaces by the surface
modification of Au using O2 plasma treatment was first reported by Kim and Lee
[72]. Here, we present a systematic study of pentacene growth on O2 plasma treated
Au surface, Ox-Au.
We first compare the surface morphology of air-Au and Ox-Au. Fig. 3.10 shows a
typical surface morphology of as-prepared Au surface. After O2 plasma treatment, Ox-
Au surface has a noticeable increase in grain size. As the plasma energy was increased
from 25 W to 50 W, the grain size became even bigger, as shown in Fig. 3.11 and
3.12. The RMS surface roughness is 2.1 nm, 2 nm, and 1.9 nm for as-prepared, 25 W
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Figure 3.10: STM topography of Au surface (as-prepared and air-exposed). 60 nm
Au on Mica; scanning parameters: 300 nm2, -0.34 V, 1 nA.
treated, and 50 W treated Au surfaces respectively, while the peak-to-peak roughness
of three surfaces remain almost the same. The changes may be due to the swelling of
the grain size due to oxygen incorporation or the surface annealing effect induced by
O2 plasma.
We measured the work functions of air-Au and Ox-Au surfaces treated by different
plasma energy. As shown in Fig. 3.13, for the as-prepared air-Au surface, the work
function is as low as 4.3 eV, consistent with the literature [6]. In contrast, the work
function of clean Au prepared and treated in UHV may range from 4.9 eV to 5.4
eV in Ref. [70, 76–81]. This is a good example to show how a physical parameter
obtained from well-controlled UHV environments gives a different value under realistic
conditions due to air exposure.
Such a significant reduction in work function for a Au surface exposed to the
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Figure 3.11: STM topography of O2
plasma treated Au surface (25W, 120 s).
300 nm2, -0.34 V, 1 nA.
Figure 3.12: STM topography of O2
plasma treated Au surface (50W, 120 s).
300 nm2, -0.34 V, 1 nA.
ambient is attributed to the change in surface dipole. For clean Au surface in UHV,
the electron cloud is not confined in the solid but tails into the vacuum with a finite
length, depending on the surface orientation. As a result, the vacuum side near the
surface is negatively charged, and the bulk side near the surface is positively charged.
Such a surface dipole also modifies the vacuum level energy and makes the work
function of different surface orientations distinct. For the as-prepared Au measured
here, air exposure leads to physical adsorption of carbon and oxygen species (CO,
H2O etc) on the surface [69, 70]. These adsorbed molecules will push the electron
tails in vacuum back into the bulk and change the surface dipole significantly due
to Pauli repulsion between electron clouds, which is referred as the “cushion” effect
[82, 83] or “pillow” effect [84]. We also find that in-situ Ar2 sputtering can increase
the work function to around 4.9 eV, meaning that a surface dipole layer of ∼ 0.6 eV
is formed when the Au surface is contaminated by air exposure. After O2 plasma
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Figure 3.13: Work function changes of Au surfaces by O2 plasma treatment.
treatment, the work function of Au is increased to 4.7 eV, mainly due to the slightly
oxidation of Au surface [72].
We also measured the valence band structure of pentacene thin films on Ox-Au
using UPS. As shown in Fig. 3.14, with the same 120 seconds treatment time, in-
creasing the power of O2 plasma only induces insignificant change in the valence band
structure of pentacene thin films on Ox-Au. Compared to the valence band structures
of pentacene on air-Au and air-Ag, pentacene on Ox-Au has a well-defined peak b
with pronounced intensity. Peak c (pi7) is also more distinguishable, which is super-
imposed with pi8. In contrast, peaks d (pi5/pi6) and e have much reduced intensity
and are not as distinct as in Fig. 3.1. The change in the valence band structures
should be mainly due to a different thin film growth of pentacene on Ox-Au, which
will be further analyzed in the following paragraphes. UPS also reveals a negligible
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Figure 3.14: Valence band structures of pentacene thin films grown on O2 plasma
treated Au surface. The corresponding peaks are defined in Fig. 3.1
hole injection barrier (<0.2 eV) at the pentacene/Ox-Au interface, in contrast to the
Schottky-type contact at pentacene/air-Au.
Combining the results obtained from UPS, the energy diagrams of pentacene/air-
Au and pentacene/Ox-Au interface are summarized in Fig. 3.15. For Au surface,
surface contamination due to air exposure modifies the surface dipole and reduces
the work function from 4.9 eV to 4.3 eV. The subsequent evaporation of pentacene
leads to a Schottky-type contact at the pentacene/air-Au surface with a hole injection
barrier of around 0.6 eV. Note that this number almost equals the energy difference
between the HOMO of pentacene (∼ 4.9 eV) and the work function of air-Au. Such
an observation of the Schottky-Mott limit at O/M interface due to the air exposure
of metal surface has also been reported by Greczynski et al [85]. It should also be
noted that evaporation of pentacene on air-Au surface may introduce another dipole
62
Figure 3.15: Energy level alignment at Pn/air-Au and Pn/Ox-Au interface.
change at the pentacene/air-Au interface, represented by ∆2. We will estimate ∆2 in
Section 3.4.1 using a model proposed by Kahn et al, and show that it is negligible. For
pentacene/Ox-Au, a hole injection barrier around 0.2 eV also indicates the validity
of the Schottky-Mott limit at this O/M interface. However, this is mainly due to the
chemical modification of Au surface (the formation of Au-O bonds), but not caused
by air exposure.
We next determine the molecular orientation of pentacene on Ox-Au using NEX-
AFS, as shown in Fig. 3.16. The results show an upright molecular orientation with
a tilt angle of 77 ± 5 ◦, using the method we discussed in the previous subsection.
This molecular tilt angle is slightly higher than that of pentacene on air-Ag, but can-
not explain the significant change in the valence band structures in Fig. 3.14. This
discrepancy can be answered by other complementary probing techniques.
We first show the AFM topography and phase images of pentacene on Ox-Au.
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Figure 3.16: NEXAFS of pentacene thin film grown on O2 plasma treated Au surface,
showing standing up molecular configuration.
As shown in Fig. 3.17, pentacene thin film has an average grain size of ∼ 0.5µm on
Ox-Au, which is ∼ 5 times larger than those on air-Au and air-Ag. After zooming in,
molecular steps can be distinguished from the phase image. These steps, along with
the molecular tilt angle obtained by NEXAFS, imply that pentacene resumes the
quasi layer-by-layer growth on Ox-Au surface, which is the typical thin-film growth
mode of planar molecules on inert substrates. As discussed in the last subsection,
pentacene growth on air-Au is a mixture of “thin-film phase” and “flat-lying phase”
due to pentacene-Au interactions at the O/M interfaces. Thus, the resumption of
“thin-film phase” growth is direct evidence that the interfacial molecule-substrate
interactions have been effectively decoupled by the surface oxidation of Au. This
conclusion is supported by pentacene thin films grown on SAM-modified Au surface.
As shown in Fig. 3.18, pentacene on SAM-Au shows the identical surface morphology
and molecular steps when compared to the zoom-in image on Ox-Au. The smaller
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grain sizes of these two pentacene thin films, compared to pentacene on SiO2 and
PEDOT:PSS, is attributed to a higher concentration of nucleation centers on SAM-
Au and Ox-Au [32].
Figure 3.17: AFM topography and phase images of pentacene thin film grown on Ox-
Au surface. The left image shows a typical surface morphology with a scanning size
of 5× 5µm2. Top right: topography image of the central area after zoom-in. Bottom
right: phase image of the central area after zoom-in, showing pentacene molecular
steps due to quasi layer-by-layer growth.
The quasi layer-by-layer growth of pentacene on Ox-Au is also confirmed by STM
study. It is generally believed that STM is not suitable for studying organic thin films
beyond several monolayers, due to the poor conductivity and high surface roughness of
organic thin films and STM tip contamination by molecules during scanning. Little
effort has been reported on STM imaging of organic thin films and single crystals
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Figure 3.18: AFM topography and phase images of pentacene thin film grown on
SAM-modified Au surface. The left image shows the surface morphology with a
scanning size of 5 × 5µm2. Top right: topography image of the central area after
zoom-in. Bottom right: phase image of the central area after zoom-in, showing
pentacene molecular steps due to quasi layer-by-layer growth. C8-alkanethiols are
used here.
[86]. Here, we prove that by choosing appropriate scanning parameters, pentacene
thin films over 10 monolayers (nominal 5 nm by QCM) can be studied by STM with
molecular resolution.
We first study the effect of substrate temperature on pentacene thin film growth
on Ox-Au. For these samples, the Ox-Au substrates are not cooled by RT N2 during
organic evaporation, resulting in a substrate temperature near 45 ◦C after sample
preparation, as monitored by a thermocouple. On the SiO2 surface, it is known that
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Figure 3.19: STM image of nominal 5 nm pentacene on Ox-Au prepared without N2
cooling. The lamellar structures correspond to the “single-crystal phase”, while the
faceted terraces on the right side has the “thin-film phase” structure, as confirmed
by the line section. Scanning parameters: 100× 100 nm2;Vtip = 2.8V, It = 20 pA.
substrate temperatures above RT will lead to a mixed growth of both the “thin-film
phase” and the “single-crystal phase”. Here, we observe a similar pentacene growth
mechanism on Ox-Au with elevated substrate temperature.
In Fig. 3.19, we show an area with dominant lamellar structures, a typical mor-
phology of the “single-crystal phase” formed on the “thin-film phase” [87]. We also
observe faceted terraces on the right part of the image with a molecular step of
∼ 1.5 nm, indicating that the “single-crystal phase” is nucleated on the the “thin-film
phase”. For the lamellar crystallites, three different crystal facets can be distin-
guished, as shown in Fig. 3.20 by I, II, and III respectively.
After zoom-in, facet I is identified as the [001] direction with a unit cell of a =
5.9±0.2 A˚, b = 7.7±0.2 A˚, and γ = 82±3 ◦, consistent with the structure of pentacene
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Figure 3.20: 3D STM image of the lamellar crystallites in Fig. 3.19. Shading effect
has been applied to visualize the details of three different crystal facets, namely facet
I, II and III respectively. Scanning parameters: 60× 60 nm2;Vtip = 2.8V, It = 20 pA.





00], corresponding to the herringbone stacking in the a-b plane can also be seen,
which is hardly distinguishable in the topography image. Note that the low resolution
of the STM images may be due to air exposure during sample transferring, but not
necessarily related to the STM condition or scanning parameters. It is also noteworthy
that the [001] plane of the the lamellar crystallites is not nearly perpendicular to the
substrate surface, which is also observed on atomic flat SiO2 surfaces and should not
be attributed to the rough surfaces of the underlying polycrystal substrates.
Due to the herringbone packing structure in the a-b plane, pentacene has a den-
tritic growth mode with two faster growth directions, i.e. [100] and [1¯00], and four
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slow directions, i.e. [110],[11¯0],[1¯10], and [1¯1¯0] [88]. Since the lamellar crystallites
are elongated perpendicular to facet II, we can index this plane as [100]. Using the
angle between facet II and III, θ ≈ 135 ◦ as indicated in Fig. 3.20, we deduce the
orientation of facet III to be [110].
Figure 3.21: STM topography and the corresponding 2D-FFT images of facet I (Ia and
Ib), facet II (IIa and IIb), and facet III (IIIa and IIIb). The inset in IIIb shows the STM
topography of facet III after 2D-FFT filtering. Scanning parameters: 10 × 10 nm2;
Vtip = 2.8V, It = 20 pA.
The [100] orientation of facet II is confirmed by the STM topography and its
2D-FFT image, as shown in Fig. 3.21 as IIa and IIb respectively. From these two
images, we determine an inter-row spacing of b = 7.9 ± 0.2 A˚, consistent with the
[100] surface direction. Surprisingly, we did not observe a similar row structure on
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facet III, which is expected for the [110] surface with a wider inter-row spacing than
the [100] surface. Instead, a fine herringbone structure is recorded, as shown in Fig.
3.21 IIIa and IIIb. Using the STM and 2D-FFT results, a unit cell of a = 5.8±0.2 A˚,
b = 7.5 ± 0.1 A˚, and γ = 91 ± 1 ◦ is acquired. This herringbone unit cell structure,
especially the perpendicular unit cell angle, indicates that this is the [001] surface of
the “thin-film phase” structure. Such an unexpected surface orientation of facet III
implies that the “thin-film phase” can also nucleate and grow on the “single-crystal
phase”, leading to a randomly mixed growth of these two crystalline phases. Note
that this rod-like herringbone packing structure of the a-b plane is quite different from
the spherical shapes reported in the literature [89]. The above difference may arise
from the picking up of a pentacene molecule by the STM tip during scanning, which
will generally enhance the STM resolution [90].
The intermixed growth of the “single-crystal phase” and the “thin-film phase”
can also be seen in Fig. 3.22. Using STM imaging on the [110] surface, the different
crystalline surfaces of the lamellar crystallite have been marked accordingly. On the
upper and right sides of this single crystal, “thin-film phase” terraces are found with
molecular steps of ∼ 1.5 nm, as shown in the inset 1 and 2 in Fig. 3.22. STM on one
terrace area gives a unit cell of a = 5.8±0.2 A˚, b = 7.5±0.2 A˚, and γ = 86±2 ◦. The
non-rectangular lattice of the “thin-film phase” may be due to the polymorphism in
pentacene thin films or be caused by the tilted scanning surface. Note that there are
planar adsorbed pentacene molecules along the [001] direction on the [110] surface of
the lamellar crystallite. The dimensions of these molecules are: ∼ 15.5 A˚ in length,
∼ 9 A˚ in width and ∼ 1 A˚ in height.
Fig. 3.23 shows another area dominated by the lamellar structure. STM scanning
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Figure 3.22: STM images of a different lamellar-structure dominant area. The [110]
surface shows a periodic row structure of 4.5 ± 0.2 A˚. The lamellar crystallites are
surrounded by “thin-film phase” terraces, characterized by ∼ 1.5 nm molecular steps.
After zoom-in, the [001] surface orientation of the facet terrace can be seen. Scanning
parameters: Vtip = 2.3V, It = 15 pA.
on the [110] surface, Fig. 3.23 Ia and Ib, reveals a periodic row structure of 4.53±0.2 A˚,
in agreement with the unit cell of the “single-crystal phase” taking a = 5.9 ± 0.2 A˚,
b = 7.7±0.2 A˚, and γ = 82±3 ◦ (Fig. 3.21 I). Note that there is a sudden switch-on of
molecular resolution in Fig. 3.23Ia, indicating the picking up of a pentacene molecule
by the STM tip. We next moved the STM tip to an area including both the [001] and
[110] surface. The topography and 2D-FFT images on both surfaces agree very well
with the corresponding crystalline orientations, as shown in Fig. 3.23IIa, IIb and IIc.
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Figure 3.23: STM topography and the corresponding 2D-FFT images of another
lamellar-structure area. STM results on [110], Ia and Ib, reveal a periodic row struc-
ture of 4.53±0.2 A˚, agreeing well with the single-crystal unit cell parameters obtained
in Fig. 3.21. In IIa, IIb and IIc, molecular packing details on the [001] and [110] sur-
faces were shown. III is a schematic diagram of the [110] surface, as seen from the
[001] axis. Scanning parameters: Vtip = 2.3V, It = 20 pA.
The above randomly mixed growth of the “single-crystal phase” and the “thin-
film phase” can be effectively suppressed by cooling the Ox-Au substrates using RT
N2 gas, which results in a dominant “thin-film phase” growth.
Fig. 3.24 shows a typical faceted-terrace structure of pentacene thin film evap-
orated on RT Ox-Au substrates. From the line section crossing one single domain,
molecular steps of ∼ 15.5 A˚ are determined. Note that pentacene molecules can slide
along the [001] axis, mainly due to the surface roughness of substrates, while retaining
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Figure 3.24: STM image of pentacene thin film on RT Ox-Au substrate, showing the
dominant faceted-terrace structures. More than 10 monolayers can be resolved in this
image. Scanning parameters: 300× 300 nm2; Vtip = 3V,It = 15 pA.
the herringbone-packing in the a-b plane [91]. Such sliding dislocation effects lead to a
variation in the molecular step height, as indicated in the inset of Fig. 3.24. The mor-
phology of pentacene thin films is also modulated by the underlying polycrystalline
Ox-Au, resulting in height variations on the terrace surface.
We further measured the hole injection barrier at pentacene/Ox-Au interfaces
using z-V spectroscopy to check whether an ohmic contact has been achieved. As
shown in Fig. 3.25, most of the locations under z-V measurements show SBHs lower
than 0.3 eV, consistent with the UPS measurement. The hole injection barriers are
also localized, varying from 0.15 eV to 0.5 eV at different locations.
Thus, we have proven that O2 plasma treatment of Au substrates not only in-
creases the Au work function, but also effectively suppresses molecule-substrate in-
teractions at the pentacene/Ox-Au interfaces. The latter effect allows pentacene to
grow in a quasi layer-by-layer fashion with much larger grain sizes and well-defined
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Figure 3.25: One typical z-V spectrum of pentacene thin film on Ox-Au substrate.
Most measured locations of pentacene/Ox-Au interfaces have a hole injection barrier
less than 0.3 eV. The spectrum was done with a constant current setpoint of 10 pA.
thin-film structure and molecular orientation. The surface treatment also prevents the
interfacial dipole formation, leading to a nearly ohmic contact at pentacene/Ox-Au
interface. Such an ohmic contact at the bottom organic-on-metal interface is critical
for a successful BEEM experiment.
Before presenting the BEEM results, we will first discuss the temperature-dependent
charge transport in Ag/pentacene/Ag diodes, in which the top Ag is directly evapo-
rated on pentacene thin film. With the reference of the bottom pentacene/Ag inter-
face, this system provides a good example in understanding how metal diffusion will
modify the interfacial electronic structure of metal-on-organic interface. The results
also reveal unique interplay between interfacial injection and bulk conduction, which
will in turn help in understanding the BEEM experiments in Ag/pentacene/Ox-Au
diodes.
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3.3 Temperature-dependent charge transport study
on Ag/pentacene/Ag diodes: transition from
ILC and SCLC
As we have introduced in the Introduction chapter, the hopping nature of charge
injection at MO interface and hopping-related conduction in the bulk lead to an in-
triguing situation where the interfacial injection barrier is not the only limiting factor
for determining the whole current flow through organic semiconductor-based diodes.
Complex interplay between SCLC and ILC in organic diodes has been predicted as a
function of temperature and electric field with different injection barriers [18].
In this section, we present the temperature-dependent charge transport measure-
ments in Ag/pentacene/Ag diodes [92]. The results will first give Arkhipov et al ’s the-
oretical prediction direct experimental support, which has not been reported yet. The
results are also important in understanding BEEM transport in Ag/pentacene/Ox-Au
diodes, which also cannot be treated as systems controlled completely by interfacial
charge injection as in the case of the conventional metal/inorganic semiconductor
diodes.
The sample geometry of Ag/pentacene/Ag diodes is shown in Fig. 3.26. All three
layers are prepared by direct thermal evaporation in a time sequence of Ag, pentacene
and Ag. The pentacene-on-Ag interface has a hole injection barrier of ∼ 0.6 eV, as
shown in Fig. 3.3. The direct evaporation of Ag on pentacene thin films creates a
heavily diffuse and nearly ohmic contact Ag/pentacene interface. This can be seen
from the current-voltage characteristics shown in Fig. 3.27, in which the forward
current (hole injection from the top Ag, If) can approximately be fitted by the SCLC
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Figure 3.26: Left: sample geometry of Ag/pentacene/Ag diodes. The sandwich struc-
ture is prepared by thermal evaporation of 50 nm Ag, 100 nm pentacene and 30 nm
Ag subsequently. Right: STM shows that the top Ag forms a continuous film with a
typical granular surface.
model 1.2.7. The ratio between If and the backward current (hole injection from the
bottom Ag, Ib) is more than 40 times at a bias of ±3 volt. Thus, we have an ideal
system with space-charge-limited forward current flow and injection-limited backward
current flow at RT to test Arkhipov et al ’s theory.
To do this, we first cooled down the samples to 5 K using liquid helium. The
samples’ temperature was then adjusted to different setpoints using a Lakeshore 430
temperature controller with temperature fluctuations less than 100 mK (<10 mK
below liquid nitrogen temperature). Conventional I-V characteristics were measured
at each setpoint from 20 K to 280 K with a step of 20 K. A Keithley 6430 has been
used for I-V characterizations. All measurements were done in darkness and in a
base vacuum level of 2× 10−5 mbar.
The temperature-dependent I-V characteristics of one Ag/pentacene/Ag diode
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If / Ib= 43 (3 V) 
Figure 3.27: RT I-V characteristics of one Ag/pentacene/Ag diode. The inset shows
the same curve in log scale. The polarity of the bias is defined in Fig. 3.26.
are summarized in Fig. 3.28. At 20 K, the forward and backward current under the
same bias is nearly identical. As temperature goes up, the forward current increases
much faster than the backward current, leading to increasing If/Ib ratios from ∼ 1 at
20 K to ∼ 15 at 200 K. This observation agrees with the theoretical prediction that
hopping injection has a much weaker temperature dependence than SCLC. Above
200 K, the bias range is limited to ± 3 V to prevent the modification of O/M and
M/O interfaces by high current density. Here, only the curve at 280 K was shown for
clarity.
We now focus the transition area between 20 K to 100 K. We first fit If at each
temperature setpoint using the intrinsic SCLC model 1.2.7, with one example for
60 K shown as the dashed cyan line in Fig. 3.29. The fitting process yielded the
temperature-dependent hole mobility, which was further put into Equations 1.2.11
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Figure 3.28: Temperature-dependent I-V characteristics of the Ag/pentacene/Ag
diode. The If/Ib ratio increases as a function of temperature.
and 1.2.5 to calculate the backward I-V curves with the boundary conditions of
J(0) = Jhop(F0) and F (0) = F0. The parameters used in the calculation are σ =
0.28 eV, a = 0.5 nano, γ = 1
5 nano
, and Φh = 0.64 eV. We can see that the hopping-
injection and space-charge conduction equations give quite a good description of the
backward current as a function of voltage except the low voltage range below 1.5
V, in which range the current flow should be closely related to charge traps. Note
that the used Φh is slightly higher than the number obtained by UPS measurements,
but quite consistent with the BEEM results of intrinsic Ag/pentacene interface (see
Section 3.5.1). The difference may come from the fact that UPS was done at RT,
while the other two measurements were acquired at much lower temperatures, which
may reduce the molecular DOS distribution.
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Figure 3.29: Calculated backward I-V
characteristics of the Ag/pentacene/Ag
diode in the transition area from 20 K to
100 K. The hole mobility at each temper-
ature is obtained by the data fitting of If
to the intrinsic SCLC model.


















Figure 3.30: Spatial distribution of the
electric field in the Ag/pentacene/Ag
diode as a function of temperature. A tran-
sition form ILC to SCLC can be clearly
seen.
One important information we can get from the above hopping-(space-charge con-
duction) calculation is the spatial distribution of the electric field at different temper-
atures, which is a straightforward indication of SCLC or ILC. For ILC, the electric
field should be nearly constant over the whole diode, while it has a strongly inhomoge-
neous distribution for SCLC. For normalization, the electric field, F(x), is multiplied
by the diode’s thickness, L, and divided by the applied voltage. In Fig. 3.30, we
show the temperature-dependent field distribution functions under 5 V. The results
clearly show that at 20 K, the charge transport is SCLC with a strongly inhomoge-
neous distribution of the electric field. As temperature increases, the inhomogeneity
in the field becomes less. At 100 K, the electric field distribution is linear over the
whole diode, indicating that the charge transport is now controlled by the interfacial
injection. Here, the slope of the field distribution function represents the space charge
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Figure 3.31: Hole mobility, extracted from the SCLC data fitting of If , as a function
of inverse temperature. The red line is a thermal-activation fitting of the mobility
curve with ∆ = 0.11 eV and µ0 = 4.13× 10−5 cm2V−1s−1.
Thus, our results on Ag/pentacene/Ag give the first experimental support for the
predicted temperature-dependent ILC-to-SCLC transition in metal-organic diodes.
However, the transition temperature (around 20 K) is lower than expected. To un-
derstand this, we also plot the extracted hole mobility from the SCLC fitting of If as
a function of inverse temperature (1/T) in Fig. 3.31. We can see thermal activation
behavior in the high temperature region of this curve, while it is approximately linear
below 160 K. The small activation energy, ∆ = 0.11 eV, and the deviation from the
thermal-activation curve may be closely related to the band charge transport in the
a-b plane, in which hole mobility increases with decreasing temperature [10, 74, 93].
It would be interesting if such a 2D band structure could be incorporated into the
hopping injection model, which simply treats organic thin film as disordered hopping
80
sites.
3.4 Charge transport in Ag/pentacene/Ox-Au struc-
tures studied by conventional current-voltage
characteristics
3.4.1 Diffusion controlled metal-on-organic interfaces: ideal,
slightly-diffuse and heavily-diffuse Ag/pentacene inter-
faces
For BEEM experiments, sandwich structures of Ag/pentacene/Ox-Au were prepared.
As discussed in Section 3.2.2, pentacene grown at RT has an ordered “thin-film phase”
structure and nearly ohmic contact with Ox-Au. However, in Section 3.3, we have
shown that direct evaporation of Ag on pentacene thin films will produce a heavily-
diffuse M/O interface with nearly ohmic contact, which is not suitable for BEEM
experiments. To reduce the metal diffusion into pentacene thin films during the base
electrodes preparation, a buffer Ag layer of ∼ 18 nm was first evaporated using the
indirect cold evaporation method (see Section 2.3 for detailed discussions). Following
the buffer layer, another Ag layer of ∼ 10 nm was cold evaporated to finish the base
electrodes. In both evaporation processes, a mechanical mask was used to define the
base area. The schematic diagram of the finished BEEM samples is shown in Fig.
3.32.
To check the quality of the top Ag/pentacene interfaces prepared by indirect cold
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Figure 3.32: A schematic diagram of Ag/pentacene/Ox-Au BEEM samples.
evaporation, conventional current-voltage characteristics of these Ag/pentacene/Ox-
Au didoes were measured.
We first compare charge transport through Ag/Pn/air-Au and Ag/Pn/Ox-Au
structures, formed by the bottom 40 nm Au, 30 nm pentacene and the top 28 nm Ag
layered structure. Each thin film layer in both sandwich structures was prepared at
the same time to eliminate the difference in thin-film thicknesses and other experi-
mental parameters, except that the Au surface of the Ag/pentacene/Ox-Au structure
was treated by 25 W O2 plasma for 120 seconds before being loaded into the organic
evaporation chamber. The top Ag electrodes were contacted by an STM tip, by
closing the feedback loop and pushing the tip to the Ag surface.
As shown in Fig. 3.33a, if we treat the Ag/pentacene/air-Au structure as a diode,
the forward direction refers to the configuration when the top Ag electrode is pos-
itively biased with the Au grounded. At 2 V, the forward current (If=6.97 nA) is
about 32 times larger than the backward current (Ib=0.22 nA). In contrast, for the
Ag/pentacene/Ox-Au structure, not only is the forward direction (now referring to
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the top Ag electrode being negative biased with respect to the Au grounded) reversed,
but also the magnitude of the forward current is increased by almost 3 orders from
nA to µA. For this structure, If (2.64 µA) and Ib (0.05 µA) give a rectification ratio
of around 50.
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Figure 3.33: Conventional I-V characteristics of Ag/pentacene/air-Au and
Ag/pentacene/Ox-Au structures. Positive bias corresponds the case when the top
Ag electrode was positively biased with the bottom Au grounded, and negative bias
when the top Ag electrode was negatively biased with the bottom Au grounded.
The difference in charge transport through these two structures can be under-
stood using the energy diagram shown in Fig. 3.34. Organic-on-metal interface (here
only the non-reactive O/M interfaces are discussed) study usually starts from an ul-
tra clean metal surface prepared and treated in UHV. The evaporation of organic
molecules on the metal surface will change the surface dipole by pushing the metal
electron wavefunction back into the metal, resulting in a significant reduction in the
work function of the metal (from ΦM to Φ
∗
M). For most organic-on-metal interfaces,
there will also be chemical interaction between metal and organic molecules, which
induces density of interface states (DIS) in the energy gap of organic material. The
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position of the highest occupied DIS is defined as charge neutrality level (CNL) [94–
96]. During the formation of the O/M interface, the CNL will try to align with
the Pauli repulsion modified metal work function Φ∗M by charge transferring at the
interfaces. An empirical formula,
∆ = (1− S)(Φ− CNL), (3.4.1)
has been proposed to explain the energy level alignment and dipole formation (∆)
at O/M interfaces, where S, the screening factor, represents the effectiveness of the
alignment between Φ∗M and CNL [94–96].
For the case of pentacene-on-Au (clean) interface, there will be a dipole layer of
0.6 eV, which is detected as an abrupt drop in vacuum level energy in photoemission
experiments [81]. Taking S = 0.36, ΦAu = 5.05 eV and ∆ = 0.6 eV [81], the CNL
can be calculated to be 4.1 eV using Equation 3.4.1.
Now we use this model and the calculated CNL of pentacene to estimate the
energy level alignment at pentacene/air-Au interface. For the Au electrodes used
here, air exposure induced surface contamination reduces Au’s work function from
4.9 eV to 4.3 eV (Φair−Au). Though both CNL and S should be dependent on the
metal-organic interactions [94–96], nearly constant CNL and very weak dependency
of S on substrates are found both in experiments [3] and theoretical calculations [97]
for organic semiconductors. Pentacene growth on air-exposed Au and Ag surface
also shows that the metal-molecule interactions still dominate the pentacene thin-
film growth, though the surface contamination may weaken the electronic coupling
between metal and organic, as discussed in Section 3.2 [98]. So, we can use the same
CNL (4.1 eV) and S (0.36) to estimate the dipole formation of pentacene/air-Au
interface. Using these two parameters and Φair−Au into Equation 3.4.1, a negligible
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Figure 3.34: Energy level alignment of Ag/pentacene/Au and Ag/pentacene/Ox-
Au structures. (a) Ag/pentacene/Au (clean) structure. (b) Ag/pentacene/air-Au
structure. Air contamination reduces the work function of Au surface significantly.
(c) Ag/pentacene/Ox-Au structure. The Au surface is O2 plasma treated.
dipole layer of 0.13 eV can be estimated, indicating a resumption of the Schottky-Mott
rule at pentacene/air-Au interface.
Thus, the metal-molecule interactions at O/M interface will define a Fermi level
in the transport gap of pentacene thin film, which is roughly 4.3 eV below the VL as
shown in Fig. 3.34. The evaporated Ag layer should align its Fermi level with the
pentacene thin film, resulting in a hole injection barrier of around 0.65 eV by band
bending (here, the dipole layer at Ag/pentacene interface is negligible since ΦAg=4.2
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eV is very close to the CNL of pentacene (4.1 eV)).
For the case of pentacene/Ox-Au interface, the surface oxidation of Au not only
increases the work function (ΦOx−Au=4.7 eV), but also effectively decouples the elec-
tronic interactions between pentacene molecules and Au atoms. The latter leads to
interfacial energy-level alignment obeying the Schottky-Mott rule, as we have shown
in Section 3.2.2. In the CNL model, the Schottky-Mott limit corresponds to S=1.
The energy-level alignment at the Ox-Au surface induces a Fermi level (∼ 4.7 eV)
very close to the HOMO edge of pentacene thin film. The subsequent Fermi level
alignment between the top Ag layer and the pentacene thin film produces a hole
injection barrier of around 0.5 eV by band bending, as shown in Fig. 3.34. Again,
the dipole layer at Ag/pentacene interface is not considered here, since ΦAg=4.2 eV
matches with the CNL of pentacene (4.1 eV)).
For charge transport in Ag/pentacene/air-Au, the current flow is limited both
by the bottom pentacene/air-Au interface and the top Ag/pentacene interface since
there are significant hole injection barriers (0.55 eV and 0.65 eV respectively) at both
interfaces. In contrast, for Ag/pentacene/Ox-Au junctions, pentacene thin film forms
a nearly ohmic contact with the bottom Ox-Au while it has Schottky contact with
the top Ag. As a result, the current flow in this structure should be mainly limited
by the top Ag/pentacene interface with a hole injection barrier of around 0.5 eV, if
the charge transport within the pentacene thin film is not a limiting factor.
Such a difference in the bottom contact can consistently explain the rectifying
behaviors of Ag/pentacene/air-Au and Ag/pentacene/Ox-Au junctions, and a 3 or-
ders of magnitude increase in the forward current of the latter. However, the energy
diagram in Fig. 3.34b predicts a smaller current flow with the Ag electrode positively
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biased, since the Ag/pentacene interface has a slightly higher hole injection barrier
and a much smaller metal-organic contact area compared with the pentacene/air-Au
interface. It cannot explain the charge injection difference in Ag/pentacene/air-Au,
which has approximately 30 times larger current with the Ag electrode positively
biased (hole injection from the top Ag) compared to the reverse (hole injection from
the bottom Au). In the following, we will show that Fig. 3.34b only applies for the
case when Ag forms an ideal (non-diffuse) interface with pentacene. For most of the
Ag/pentacene interfaces, even when prepared with indirect cold evaporation, metal
diffusion will produce a non-ideal (either slightly-diffuse or heavily-diffuse) M/O in-
terface. These diffuse Ag atoms act as acceptors in pentacene thin film and create a
local transition region with the Fermi level closer to the HOMO, which will effectively
lower the hole injection barrier and create low SB patches. In section 3.5, we will
prove the co-existence of low SB areas for slightly diffuse Ag/pentacene interfaces
using BEEM spectroscopy.
To study the effect of Ag atom diffusion on charge transport in Ag/Pn/Ox-Au
junctions, we compare the current-voltage characteristics of different Ag/Pn/Ox-Au
junctions, consisting of 28 nm Ag (18 nm cold indirect followed by 10 nm cold direct
Ag evaporation), 75 nm pentacene and 30 nm Au from the top to the bottom. Except
the last heavily-diffuse sample, all thin film layers in the sandwich structures were
prepared at the same time to eliminate the difference in thin-film thickness and other
experimental parameters. The bottom Au electrodes were treated by 50 W O2 plasma
for 120 seconds before the organic evaporation. The contact to the top Ag was also
realized by an STM tip as mentioned in previous paragraphs.
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If / Ib= 400 (1 V)
Figure 3.35: Diffusion controlled metal/organic interfaces: Ag/pentacene interface
with negligible M/O interfacial diffusion. (a) I-V characteristics from -0.6 V to 0.6
V. The inset shows the sample’s structure: 28 nm Ag (18 nm cold indirect followed
by 10 nm cold direct), 75 nm pentacene and 30 nm Au. (b) I-V from -1 V to 1 V.
The inset shows the raw data of 20 IV s contacted at different locations of the Ag
electrode by an STM tip.
Fig. 3.35 shows the current-voltage characteristics of a Ag/pentacene/Ox-Au junc-
tion with negligible M/O interfacial diffusion. As shown in Fig. 3.35a, with ± 0.5 V
bias, the forward current, corresponding to hole injection from the bottom Au, is al-
most 55 times larger than the backward current, corresponding to hole injection from
the top. Within ± 1 V, the IV s are highly reproducible without any degradation and
breakdown observed. We also tried to make contact at different locations by moving
the STM tip. The resulting IV s also show consistency, as shown in the inset of Fig.
3.35b.
Charge transport in this type of Ag/pentacene/Ox-Au junctions with nearly ideal
Ag/pentacene interfaces can be explained very well by the energy diagram as shown
in Fig. 3.34c. The Ox-Au electrode forms a nearly ohmic contact with the pentacene
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thin film, with a hole injection barrier less than 0.2 eV. As a result, when the Ox-
Au electrode is positively biased, holes can be easily injected at this interface. In
contrast, the Ag layer forms a Schottky contact with the pentacene thin film, with a
hole injection barrier of around 0.5 eV or more, as shown in Fig. 3.34c. When the top
Ag is positively biased, the current flow will be limited by the hole injection barrier
at the Ag/pentacene interface, producing a much lower reverse current compared to
the forward one.
However, nearly ideal Ag/pentacene interfaces are hard to find. With 42 diodes
tested with the STM contact, only 2 of them show If/Ib ratios over 30. The majority
of the tested junctions show If/Ib ratios between 1 to 30 at 0.5 V. Such a low yield of
ideal Ag/pentacene interfaces should be mainly due to defects and grain boundaries in
pentacene thin film, since the size of the top Ag is quite large (1× 1mm2) compared
to the grain size of pentacene (0.5 × 0.5µm2). Thus, an effective way to increase
the yield would be by reducing the top Ag area to below 100 × 100µm2. However,
an aggressive reduction in top electrode area requires a better instrumentation, like
multi-probe STM, to realize the top contact for BEEM experiments, which is done
manually in this study.
Fig. 3.36 shows a Ag/pentacene/Ox-Au junction with slight interfacial diffusion.
For this device, If/Ib gives a rectification ratio of 21 at 0.5 V. Within ± 0.6 V bias, no
significant changes were observed between IV s acquired successively without moving
the STM tip and by changing the tip positions. Unlike the ideal Ag/pentacene inter-
face in Fig. 3.35, above 0.6 V bias, there are noticeable random variations between
successive IV s, as shown in the inset of Fig. 3.36b. Such changes in successive IV s
should not be attributed to the degradation of the Ag/pentacene interface resulting
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Figure 3.36: Diffusion controlled metal/organic interfaces: Ag/pentacene interface
with slight M/O interfacial diffusion. (a) I-V characteristics from -0.6 V to 0.6 V.
The inset shows the sample’s structure: 28 nm Ag (18 nm cold indirect followed by
10 nm cold direct), 75 nm pentacene and 30 nm Au. (b) I-V from -0.6 V to 1 V. The
inset shows the raw data of 20 IV s.
from hole injection stressing, since the low voltage I-V regimes and the forward bias
regimes show nearly identical behavior. It may be closely related to the electronic
structure of this Ag/pentacene interface.
Fig. 3.37 shows the IV of another Ag/pentacene/Ox-Au junction with higher
interfacial diffusion than the sample in Fig. 3.36. For this sample, If/Ib gives a ratio
of 2 at 0.5 V. At 1 V, this ratio is increased to 11. After zoom-in, a slight decrease in
the forward current as a function of time can be seen, as shown in the inset of Fig.
3.37. This is probably due to desorption of O2 and H2O in vacuum, which reduces
the hole concentration in pentacene thin film.
Comparing the IV s of the nearly ideal Ag/pentacene interface (Fig. 3.35) and
the slightly diffuse Ag/pentacene interfaces (Fig. 3.36 and Fig. 3.37), we can see
that the effects of metal-organic interfacial diffusion on charge transport are two-fold.
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Figure 3.37: Diffusion controlled metal/organic interfaces: Another Ag/pentacene
interface with slight M/O interfacial diffusion. (a) I-V characteristics from -0.5 V
to 0.5 V. The inset shows the sample’s structure: 28 nm Ag (18 nm cold indirect
followed by 10 nm cold direct), 75 nm pentacene and 30 nm Au. (b) I-V from -1 V
to 1 V. The inset shows the raw data of 10 IV s.
First, the diffusion of Ag atoms into pentacene thin film will lower the hole injec-
tion barrier locally, creating M/O interfaces with low-Schottky-barrier patches. The
low-Schottky-barrier areas make the hole injection much easier at the Ag/pentacene
interface, and reduces the If/Ib ratio effectively. On the other hand, the diffusion of
Ag atoms into the pentacene thin film will also reduce the effective thickness of the
pentacene thin film, which explains the increase in the forward current as interfacial
diffusion increases.
It is noteworthy that greater interfacial diffusion does not necessarily lead to
higher forward current as a result of reduced effective thickness of the pentacene thin
film. Fig. 3.38 shows the IV of a Ag/pentacene/Ox-Au junction with the If/Ib
ratio as low as 0.45 at 0.5 V. The forward current for this sample is comparable
with the sample shown in Fig. 3.36a (If/Ib=21), but smaller than the sample shown
in Fig. 3.37a (If/Ib=2). Another interesting feature of this sample is that when
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If / Ib= 6 (1V)
(b)
Figure 3.38: Diffusion controlled metal/organic interfaces: Ag/pentacene interface
with moderate M/O interfacial diffusion. (a) I-V characteristics from -0.6 V to 0.6
V. (b) IV from -1 V to 1 V. The inset shows the raw data of 15 IV s.
the bias was increased to ± 1 V, the If/Ib ratio was increased to 6. This indicates
that this Ag/pentacene interface is still not heavily diffuse. We classify this type of
Ag/pentacene interfaces as moderately diffuse.
From a different batch of samples, Ag/pentacene/Ox-Au junctions with heavily
diffuse Ag/pentacene interfaces were also observed in our experiments. One example
is shown in Fig. 3.39. The If/Ib ratio of this sample was as low as 0.67 even for ± 1
V bias and was only slightly increased to 0.7 when the bias was increased to ± 2 V.
For this type of samples, the Ag/pentacene interfaces were heavily diffuse and a near
ohmic contact was achieved.
From the above discussions, we have shown how the interfacial diffusion at Ag/Pn
interfaces will influence the charge transport in Ag/pentacene/Ox-Au structures.
Depending on the strength of interfacial diffusion, Ag/pentacene interfaces can be
roughly divided into nearly-ideal, slightly-diffuse and heavily-diffuse types. The
nearly-ideal Ag/pentacene interfaces have negligible interfacial diffusion and nearly
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Figure 3.39: Diffusion controlled metal/organic interfaces: Ag/pentacene interface
with heavy M/O interfacial diffusion. (a) I-V characteristics from -1 V to 1 V. (b)
I-V from -2 V to 2 V. The inset shows the raw data of 11 IV s.
uniform interfacial energy level alignment following the Schottky-Mott limit. Such
nearly-ideal interfaces are characterized by relatively high If/Ib ratios, larger than 30
at 0.5 V. When the interfacial diffusion gets stronger, local energy level alignment is
modified by the diffuse Ag atoms and low Schottky-barrier patches were introduced
at Ag/pentacene interfaces. These low Schottky-barrier areas will effectively increase
the backward current and reduce the If/Ib ratio. For most cases, interfacial diffusion
will also reduce the effective thickness of the pentacene thin films, and lead to an
increase in the forward current. When the low Schottky-barrier areas dominate the
Ag/pentacene interface, a nearly ohmic contact will be formed at the M/O interface
and the the If/Ib ratios will be smaller than 1 even with high bias of 2 V.
This hypothesis on diffusion controlled Ag/pentacene interfaces can be further
proved by the stressing studies on the nearly ideal Ag/pentacene interface and on
several selected samples with slightly-diffuse Ag/pentacene interfaces, which will be
discussed in the following section.
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3.4.2 Stressing study of ideal and slightly-diffuse Ag/pentacene
interfaces: transitions from ideal to slightly-diffuse and
slightly-diffuse to heavily-diffuse M/O interfaces
To confirm that different I-V behavior of Ag/pentacene/Ox-Au structures is con-
trolled by the strength of interfacial diffusion, we first show the stressing results of
the nearly ideal Ag/pentacene interface.








































Figure 3.40: Stressing study of the nearly-ideal Ag/pentacene interface with I-V
sweeping from -0.6 V to 2 V. (a) 4 raw IV s corresponding stressing cycles 1, 6, 11
and 20. (b) The averaging result of 20 stressing IV s. The inset shows the raw IV s
of 20 stressing cycles.
As discussed in the previous section, for this sample, ± 1 V I-V sweeping for 20
cycles does not cause any degradation or breakdown at the Ag/pentacene interface.
So, the stressing voltage was chosen as 2 V, and the I-V bias voltage was scanned
from -0.65 V to 2 V with a step of 4 mV. The maximum forward voltage was set to
-0.65 V to get the highest gain of the BEEM amplifier for measuring the backward
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Figure 3.41: Stressing study of the ideal Ag/pentacene interface. (a) Raw data of 5 I-
V stressing cycles from -0.6 V to 2.5 V (only the odd cycles are shown for clarity). (b)
Stressing induced current spikes and degradations at the ideal Ag/pentacene interface.
All IV s except cycle 01 are shifted for better comparison.
current. The limited forward voltage can also avoid modifying the pentacene/Ox-
Au interface by hole injection, which may also change the IV behavior of the whole
junction. Fig. 3.40a shows the raw data of 4 I-V stressing cycles, namely 1, 6, 11
and 20 respectively. No significant change can be found during all the 20 stressing
cycles. This robust behavior of the Ag/pentacene interface to voltage stressing is quite
surprising since molecules in organic thin films are quite loosely packed compared to
inorganic semiconductors.
To observe the possible degradation and breakdown phenomena, the stressing
voltage was then increased to 2.5 V. I-V data during continuous stressing from -0.65
V to 2.5 V were acquired subsequently. As shown in Fig. 3.41, when the stressing
voltage exceeds 2 V, current spikes are observed (stressing cycle 01). As stressing
continues, current spikes also appear below 2 V, which has never been recorded in
the earlier IV measurements where the bias voltage did not exceed 2 V. The current
spikes correspond to the degradation of the Ag/pentacene interface, most probably
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Figure 3.42: Stressing study of the ideal Ag/pentacene interface: (a) Degradations
and soft breakdown at the ideal Ag/Pn interface induced by continuous I-V stressing
from -0.6 V to 2.5 V. (b) Two effects of metal diffusion on M/O interfaces: I. Creation
of low SBH patches; II. Reduction of organic effective thickness. SBH and Pn effective
thickness are extracted from calculations.
due to the migration of Ag atoms at M/O interfaces. Stressing IV without current
spikes (stressing cycle 05) is also observed, which may be related to the meta stable
state of the Ag/pentacene interface between stressing process. It is also noticeable
that the forward current remains nearly identical during the stressing cycles, which
confirms that the changes in stressing IV s are not induced by the modification of the
underlying pentacene/Ox-Au interfaces.
The I-V stressing finally leads to the soft breakdown of the Ag/Pn interface, as
shown in Fig. 3.42a. Stressing first produces a significant increase in Ib above 2 V
(from cycle 10 to 11). During the next stressing cycle 12, the soft breakdown occurs
at around 0.7 V and Ib saturates very quickly at around 0.9 V. Such a change in Ib
may be due to the creation of low SBH patches at the Ag/Pn interface as well as
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the reduction of Pn effective thickness resulting from metal diffusion into the organic
thin film. The next stressing IV (cycle 13) following the soft breakdown (cycle 12)
confirms the reduction of Pn effective thickness, which is responsible for the increase
in If . Quantitatively, If can be modeled very well using the field-dependent hole
mobility model, µp(F ) = µp(0) exp[− ∆kBT + B( 1kBT − 1kBT0 )
√
F ] (Equation 1.2.8). As
shown in Fig. 3.42a and 3.42b, the soft breakdown induces a reduction of Pn effective
thickness from ∼ 75 nm (the green dashed line) to ∼ 70 nm (the black dashed line).
Here, the used calculation parameters are the followings: µ0 = 5 × 10−5 cm2V−1s−1,
T0 = 600K, B = 20×10−5eV(m/V)0.5, ∆ = 0.48 eV, ²r = 3, andNv = 2.5×1025 cm−3.
For Ib, before the soft breakdown, it can be calculated by the hopping injection





−∞ dE Bol(E)g[E − U(x0)] (Equation 1.2.11).
The result for ideal Ag/Pn is shown in Fig. 3.42a as the green solid line, calculated
using a hole injection barrier of 0.64 eV. A simple reduction of Pn thickness from 75
nm to 70 nm only induces insignificant change in Ib, which alone cannot explain the
change in the If/Ib ratios from ∼ 55 before breakdown to ∼ 4 after breakdown at ±
0.5 V. By introducing low SBH patches (ohmic contact) at the Ag/Pn interface, the
change in Ib can be consistently modeled, as shown in Fig. 3.42a by the magenta solid
(0.5% low SBH patches) and the black solid (7% low SBH patches) lines respectively.
Note that such a transition from ideal to slightly-diffuse M/O interfaces is irreversible.
The Ag/Pn remains slightly-diffuse after leaving it in high vacuum overnight, though
there is slight recovery in the If/Ib ratios from ∼ 4 to ∼ 9.
Stressing study on slightly-diffuse Ag/pentacene interfaces has also been done.
Compared to the nearly-ideal Ag/pentacene interfaces, the slightly-diffuse Ag/Pn
interfaces are more vulnerable to electrical stressing. Fig. 3.43a show the virgin I-V
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Before stressing: If / Ib = 47 (1.0 V)
After 16 cycles: If / Ib= 8 (1.0 V)
Voltage (V)
 Cycle 0 (virgin)
 C08
 C15 (b)
Figure 3.43: Stressing study of a slightly-diffuse Ag/pentacene interface. (a) The
virgin IV from -1.0 V to 1.0 V showing a If/Ib ratio of 47. (b) Degradation and soft
breakdown induced by continuous I-V stressing of ±1.1 V. The If/Ib ratio is reduced
to 8 after 16 stressing cycles.
sweep from -1 V to 1 V of a Ag/pentacene/Ox-Au structure with a slightly-diffuse
Ag/pentacene interface. Continuous IV stressing of ± 1.1 V leads to the degradation
of the Ag/pentacene interface, reducing the If/Ib ratios from ∼ 47 to ∼ 8 after 16
stressing cycles.
Fig. 3.44 shows another Ag/Pn/Ox-Au diode with slightly-diffuse Ag/pentacene
interface (If/Ib=30 with 1 V bias). Continuous I-V sweeping from -2 V to 2 V
caused degradation and soft breakdown at the Ag/pentacene interface. The If/Ib
ratio after 8 stressing cycles is as low as 0.8, implying a transition from a slightly
diffuse Ag/pentacene interface to a heavily-diffuse one during the stressing process.
Thus, using continuous I-V stressing, we have shown transitions from nearly-ideal
to slightly-diffuse Ag/pentacene interfaces and the degradations of slightly-diffuse
Ag/pentacene interfaces, resulting in moderately-diffuse or even highly-diffuse inter-
faces. From the stressing studies, we can confirm the two-fold effects of Ag atom
diffusion into pentacene thin films: the modification of the electronic structures of
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If / Ib = 30 (1 V)
If / Ib = 0.8 (1 V)
(b)
Figure 3.44: Stressing study of another slightly-diffuse Ag/pentacene interface. (a)
The virgin IV from -1.0 V to 1.0 V showing a If/Ib ratio of 30. (b) Degradations
and soft breakdown induced by continuous I-V stressing of ±2 V. The If/Ib ratio is
as low as 0.9 after 8 stressing cycles.
Ag/pentacene interfaces by the creation of low SBH patches, and the reduction of
pentacene effective thickness.
Though the modification of the interfacial electronic structure by Ag atom diffu-
sion can be explained by the shift of EF towards the HOMO in pentacene thin film
[4], we will show in the following section that metal diffusion not only reduces the hole
injection barrier, but also decreases the electron injection barrier. Thus, we propose
that the creation of low SBH patches are realized by modifying the band structure of
pentacene thin film instead of shifting the EF position.
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3.5 Charge injection at Ag/pentacene interfaces
and electrical transport in pentacene thin films
studied by BEEM
3.5.1 BEEM on Ag/pentacene/Ox-Au with ordered pentacene
thin film
The preparation of BEEM samples used in this section has been introduced in the
previous section. Nominal 35 nm pentacene thin film was grown at RT on Ox-Au
substrate, treated by 50 W O2 plasma for 120 seconds. The base Ag electrode is 28
nm in thickness (18 nm indirect cold Ag followed by 10 nm direct cold Ag). The
diode area is approximately 1× 1mm2 defined by a shadow mask.
Fig. 3.45a shows the conventional IV of the BEEM sample at room temperature.
The current signal saturates when the voltage exceeds 0.36 volt with the current
measurement range set to 10 µA. At ±0.5V, the forward current (If) and the back-
ward current (Ib) at RT give a ratio of around 7.3, which indicates a slightly diffuse
Ag/pentacene interface according to the discussion in Section 3.4. After cooling down
to 150 K, both If and Ib decrease significantly, and If/Ib is reduced to around 4, as
shown in Fig. 3.45b. Such a reduction in If/Ib implies that if cooled down further,
charge transport in Ag/pentacene/Ox-Au structures will become more space-charge-
limited as discussed in Section 3.3. Note that here we refer the sign of voltage bias
to the bottom Ox-Au electrode with the top Ag grounded, following the circuit con-
figuration for BEEM experiments.
The surface topography and BEEM images of this sample at room temperature
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Figure 3.45: Conventional current-voltage characteristics of Ag/pentacene/Ox-Au,
sample 21, at room temperature (a) and at 150 K (b). (c) Comparison of If/Ib at
300 K and 150 K.
are shown in Fig. 3.46 and Fig. 3.47 with two different scan areas. The Ag surface
morphology shows the typical granular feature of thermally evaporated metal films at
LT, though the grain size (40 nm) is larger than on SiO2 (10 nm). Superimposed on
the granular feature, the crystal grains of the underlying pentacene thin films can be
distinguished with a size of near 0.5 µm, consistent with the AFM results in Section
3.2.2.
The BEEM current images correlate with the STM images closely. Though there
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Figure 3.46: STM surface morphology and the corresponding BEEM current image
of Ag/pentacene/Ox-Au (sample 21). Scanning parameters: Vtip=0.82 V, It=5 nA,
size=500 × 500 nm2, 50 kHz bandwidth for the STM amplifier, 10 Hz bandwidth
for the BEEM amplifier, and 2 seconds per line acquisition. (a) STM topography of
the Ag surface (30 nm in color scale). (b) The derivative of the STM image. (c) the
corresponding BEEM current image. The average current over the BEEM image is 0
pA (5 pA in color scale).


























Figure 3.47: STM surface morphology and the corresponding BEEM current image
of Ag/pentacene/Ox-Au, sample 21. Scanning parameters: Vtip=0.82 V, It=5 nA,
size=200 × 200 nm2, 50 kHz bandwidth for the STM amplifier, 10 Hz bandwidth
for the BEEM amplifier, 2 seconds per line acquisition. (a) STM topography of the
Ag surface (20 nm in color scale). (b) The line sections of the STM image. (c) the
corresponding BEEM current image. The average current over the BEEM image is 0
pA (4 pA in color scale).
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is considerable literature on surface topography induced contrast in BEEM current
images [99–101], the correlation here arises mainly from the slow capacitance response
of the BEEM amplifier (a Femto DLPCA-200), whose band width was set to 10 Hz
during data acquisition (2 seconds per line). When the Femto amplifier was replaced
by a RHK IVP-300 with a bandwidth of 500 Hz, the correlation between STM and
BEEM current images was considerably reduced, and correlation could only been
discerned at the grain boundaries of pentacene, as shown in Fig. 3.48.
The large surface roughness induced instabilities in tunneling current It may be
responsible for the observed BEEM contrast at the grain boundaries. As shown in
Fig. 3.47b, the surface roughness of the top Ag layer on pentacene is much higher
than the conventional metal/Si and metal/GaAs surfaces. Thermally evaporated
Ag surfaces on atomically flat substrates such as Si and GaAs at liquid nitrogen
temperature usually have the typical granular features with a grain size of 10 nm
and RMS roughness less than 1 nm (for random 200 nm2 scanning size). For the
sample shown in Fig. 3.47, the RMS roughness of the top Ag layer is ∼ 5 nm.
The increase in the roughness of Ag on pentacene mainly arises from the underlying
pentacene crystalline domains as shown in line section A in Fig. 3.47b, which starts
from one pentacene grain boundary and ends at another. When the line section is
restricted to span one pentacene crystalline domain, the peak-to-peak roughness of
Ag on pentacene is actually comparable to Ag on Si and flat substrates, as shown in
the lower part of Fig. 3.47b.
The lack of contrast in BEEM current images on flat areas could either be due
to a uniform Ag/pentacene interface, which is unlikely since the conventional IV s
confirm the existence of slight interfacial diffusion, or due to the injected ballistic
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Figure 3.48: STM surface morphology and the corresponding BEEM current image
of Ag/pentacene/Ox-Au with 500 Hz bandwidth in the BEEM amplifier. Scanning
parameters: Vtip=0.92 V, It=5 nA, size=500 × 500 nm2, 50 kHz bandwidth for the
STM amplifier, 2 seconds per line acquisition. (a) STM topography of the Ag surface
(35 nm in color scale). (b) the corresponding BEEM current image. The average
current over the BEEM image is 0 pA (9 pA in color scale).
holes being unable to reach the Ox-Au electrode. The latter hypothesis is supported
by the BHES and BEES results done on this sample at room temperature when
the Ag/pentacene/Ox-Au structure is not biased. As shown in Fig. 3.49, neither
hot hole nor hot electron injection yields observable BHES/BEES signals within the
resolution of our BEES amplifiers. Attempts to apply a bias of several mV on the Ox-
Au electrode, which is termed BEEM bias (VBEEM) in the following discussions, lead
to a background BHES/BEES current of several nA. Moreover, current spikes with
a magnitude over 20 pA were observed in spectroscopy signals, which made biased
BHES/BEES acquisition at RT impossible.
To understand why the injected ballistic holes/electrons cannot reach the under-
lying Ox-Au electrode, charge transport of injected hot electrons/holes at the conven-
tional metal/inorganic semiconductor interfaces (typically the Au/Si interface) should
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Figure 3.49: BHES/BEES of Ag/pentacene/Ox-Au at room temperature. Left: Bal-
listic hole injection with the diode unbiased. Right: Hot electron injection with the
diode unbiased. Both BHES and BEES are noise-like without any threshold observed.
The spectra acquired by the Femto amplifier were shifted for clarity.
be first examined. In these systems, ballistic charge carriers crossing the Schottky
barrier will first be accelerated into the inner part of the Si wafer by the interfacial
depletion layer. Then, these charge carriers will proceed by coherent band transport
in Si and be collected by the BEEM amplifier.
Now we consider the energy level alignment for the Ag/Pentacene/Ox-Au struc-
tures. As discussed in Section 3.4.1, Ag/pentacene/Ox-Au structures have a nearly
ohmic contact at the pentacene/Ox-Au interface and a hole injection barrier of around
0.5 eV by band bending at the Ag/pentacene interface, as shown in Fig. 3.50a. How-
ever, charge transport in this energy diagram is over simplified by treating the whole
pentacene thin film as a continuous energy band without taking the space-charge
effect into account.
As discussed in Section 3.2.2, pentacene molecules are nearly vertical on Ox-Au
surface and form ordered crystalline structure with the “thin-film phase”. Such a
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Figure 3.50: Energy level alignment of Ag/pentacene/Ox-Au structures. (a) Energy
level alignment with nearly ohmic contact at pentacene/Ox-Au interface and band
bending at Ag/pentacene interface, in which the whole pentacene thin film is repre-
sented by a continuous band. (b) The revised energy diagram of Ag/pentacene/Ox-Au
taking hopping barriers between adjacent pentacene monolayers into account.
physical configuration means that the M/O contact is made on the a-b plane ([001]
surface) of the “thin-film phase” structure. For charge transport in Ag/pentacene/Ox-
Au structure from the top to the bottom, charge carriers that cross the Schottky
barrier at Ag/pentacene interface will first be injected into the a-b plane, in which
band structure exists as a result of intermolecular pi-pi overlap even at room tem-
perature [74, 93]. However, to reach the bottom Ox-Au electrode and contribute
to the BEEM current signal, those injected carriers need to be transported through
the whole organic layer, consisting of many monolayers, along the c axis. Both ex-
perimental [74, 93] and theoretical results have shown that along this direction, pi-pi
interactions vanish, and no band dispersion could be found even at low temperature.
Thus charge transport along this direction should be incoherent and dominated by
hopping. And the previous continuous energy band representing the whole pentacene
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layer is now separated into sections, with each section corresponding to one mono-
layer. The hopping transport along the c axis is represented by a hopping barrier
between two adjacent monolayers, as shown in Fig. 3.50b.
One direct consequence of this hopping nature along the c axis is that without the
assistance of an internal built-up field or an externally applied one, an electron (hole)
crossing the Ag/Pentacene interface could either hop forward to another monolayer
or hop backward to the Ag electrode. Since the pentacene thin film here consists of
20 monolayers or even more, it is much more likely for an electron (hole) crossing
the Ag/pentacene interface to hop back into the Ag electrode than to continue hop-
ping forward and reach the Ox-Au electrode. As a result, no BEEM signal should
be observed without a VBEEM on the Ox-Au electrode. The existence of hopping
barriers between adjacent monolayers can also explain a rather weak dependence
of zero-field current through Ag/pentacene/Ox-Au structures on the electronic struc-
tures of Ag/pentacene interfaces. For all measured non-shorted Ag/pentacene/Ox-Au
diodes, the zero-field current measured by BEEM amplifiers remains below 100 pA,
despite the varying If/Ib ratios (at ±0.5V) for different samples, which represent the
strength of interfacial diffusion at Ag/pentacene interfaces. So, charge transport in
Ag/pentacene/Ox-Au structure should be interplay between charge injection at the
interface and space-charge conduction in the bulk, similar to Ag/Pn/Ag structures
discussed in Section 3.3. Because of the hopping nature of charge injection and the
space charge effect, the classical thermionic charge injection theories discussed in
Section 1.2.1 should not be used to model charge transport in Ag/pentacene/Ox-Au
structure.
After cooling down to ∼150 K, a bias of ∼ −15 mV was applied to the Ox-Au
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Figure 3.51: Ballistic hole injection at Ag/pentacene interface at 150 K with VBEEM=-
10 mV (∼ 106 V/m electric field). Left: Average of all 23 BHES spectra randomly
taken over an 0.4 µm2 area. The inset shows the same BHES (slightly shifted for
clarity) on log scale. Right: Average of 13 BHES spectra showing significantly higher
hole injection barriers. The green dash line shows the HOMO band structure acquired
by UPS.
electrode (∼ 106 V/m electric field), and BHES were acquired randomly in a square
area of 0.4 µm2. Each BHES acquisition location was separated from others by at
least 15 nm to make sure that all BHES curves were done on pristine areas.
Fig. 3.51a shows an average result of all 23 BHES spectra over one area. BHES
spectra with no observable signal (noise like) and BHES spectra with big random
spikes and abrupt jumps, probably due to surface contamination by Pn molecules
and sudden changes in tip positions, were also observed during data acquisition and
excluded from the data analysis. Over the whole tip bias range (100 mV to 2 V), an
injection barrier is hard to distinguish and a power-law like growth in BHES current
is absent. However, after plotting the BHES current and the tip bias on log scales,
a hole injection barrier as low as 0.25 eV, defined as the turning point from the
background signal, can be extracted. As discussed above, the Ag/pentacene interface
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is classified as a slightly diffuse interface using the conventional IV results. Such a
low hole injection certainly cannot explain the difference between the forward and
the backward current. After checking the 23 spectra individually, those spectra with
significantly higher hole BHs than the average 0.25 eV were averaged together, and
the result is shown in Fig. 3.51b. From this figure, a hole injection barrier of 0.57 eV
can be extracted. Hole injection above this BH leads to a power-law growth in BHES
current up to 0.88± 0.03 V. After that, the BHES current significantly deviates from
the Kaiser-Bell model. Though it is well known that the Kaiser-Bell model only holds
in a small region above the threshold (usually 0.5 eV is chosen for the fitting window),
it is noteworthy that the HOMO band of pentacene thin film has a peak about 0.9
eV above the Fermi level, shown as the green dash line in Fig. 3.51b. It is not clear
how the valence band structure of pentacene thin film influences the ballistic hole
injection. Noted that the Kaiser-Bell model and the four-step model of BEEM [20]
are based on the assumption of a parabolic band structure in semiconductor.
Such inhomogeneities in charge injection barriers over scan areas are a general
feature of this Ag/pentacene interface. Fig. 3.52 shows ballistic hole injection in
another 0.4 µm2 area (area 02). For this area, after excluding those BHES spectra
with no observable signal and those with spikes and jumps, the majority of the BHES
spectra have a hole injection barrier of around 0.63 eV. The average BHES with
high injection barriers is shown in Fig. 3.52b. Similar to the observation in area 01,
the BHES current follows power-law growth when the tip bias is above the threshold.
Strong deviation from the Kaiser-Bell model is also observed when the tip bias exceeds
0.9±0.02 V, which may be due to scattering or the HOMO band structure of pentacene
thin film as discussed in the last paragraph. The average result of 7 BHES spectra
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Figure 3.52: Ballistic hole injection at Ag/pentacene interface at 150 K on Area02
with VBEEM=-12 mV (∼ 106 V/m electric field). Left: Average of 7 BHES spectra
showing low SBs. The inset shows the same BHES (slightly shifted for clarity) on log
scale. Right: Average of 27 BHES spectra showing significantly higher hole injection
barriers.
with low injection barriers in this area yields an injection barrier of around 0.21 eV,
following the Kaiser-Bell fitting. The log plot of the same BHES yields a slightly
higher injection barrier of around 0.36 eV, as shown in the inset of Fig. 3.52a. For
this spectrum, the deviation of the BHES current from power-law growth starts at
0.75± 0.02 V, lower than 0.9 V of the BHES spectrum with higher injection barrier.
This could be due to the modification of the HOMO band structure of pentacene
thin film as a result of metal diffusion, which interrupts the inter-molecular pi-pi
interaction. It would be interesting if the band structure of organic semiconductor
could be introduced into the four-step model of BEEM [20].
Ballistic electron injection (BEES) with a negative bias on the Ox-Au electrode
was also done for this sample. As shown in Fig. 3.53a and b, BEES current signal
with a negative VBEEM has the same positive polarity as BHES with a negative VBEEM,
indicating that it is an Auger process instead of intrinsic BEES [23, 24, 102]. BEES
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Figure 3.53: Ballistic electron injection at Ag/pentacene interface at 150 K with
VBEEM=-8 mV. Left: Average of 14 BEES spectra with low injection barrier. Right:
Average of 20 BEES spectra showing significantly higher injection barriers. All spec-
tra were randomly taken over an 0.4 µm2 area. The positive sign of the BEEM current
indicates that it is Auger hole signals instead of intrinsic BEES.
spectra in this area (area 03) can also be divided into high SB and low SB groups.
Kaiser-Bell fitting on the averaging results of these two groups respectively gives two
distinct injection barriers of -0.24 eV and -0.52 eV. The deviation of BEES current
from the power-law behavior starts from −0.82 ± 0.02 V for the low SB group and
−1 ± 0.02 V for the high SB group, which shows the same tendency as the BHES
results on high SB and low SB areas.
To understand ballistic hole (electron) injection at the Ag/pentacene interface and
the subsequent charge transport in pentacene thin film when the Ox-Au electrode is
biased, we will again compare it with the results for the conventional metal/inorganic
semiconductor systems. For a prototypical Ag/p-silicon junction, a reverse bias (a
negative bias on the back-contact metal electrode) will increase the band bending as
well as the width of the depletion layer at the M/S interface, as shown in Fig. 3.54a.
However, the energy band inside the Si wafer remains flat. Thus, reverse bias on
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Figure 3.54: Schematic band diagram of negatively biased BHES and BEES in Ag/p-
Si and Ag/pentacene/Ox-Au structures. (a) Energy level alignment of Ag/p-Si diode
under a reverse bias. (b) Energy diagram of Ag/pentacene/Ox-Au under a reverse
VBEEM. Process A is hot hole injection into pentacene thin film followed by hopping
towards Ox-Au under the assistance of an external electric field. Process B represents
the Auger BHES process and the following hole hopping in pentacene thin film.
the diode produces a current flow controlled completely by the M/S interface (the
depletion layer).
For Ag/pentacene/Ox-Au studied here, the conduction of the pentacene thin film,
which involves the hopping of charge carriers through several tens of monolayers,
is much poorer than Si wafer and even comparable to the M/O interface. As a
result, part of the negative VBEEM is dropped in pentacene thin film, which will
produce a tilted energy band inside the organic thin film. For ballistic holes crossing
the Ag/pentacene interface, the tilted energy band allows them to continue hopping
forward towards the Ox-Au electrode and contribute to the BHES signals. On the
other hand, for ballistic electron injection, the band bending at the M/O interface
opposes the ballistic electrons’ movement into the interior of the pentacene thin film.
Moreover, even for those electrons that have a chance to cross the interfacial area, the
tilted energy band inside the organic layer will prevent them from hopping forward and
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Figure 3.55: Schematic band diagram of positively biased BEES in Ag/p-Si and
Ag/pentacene/Ox-Au structures. (a) Energy level alignment of Ag/p-Si diode with
positive bias on Si. (b) Energy diagram of Ag/pentacene/Ox-Au under positive
VBEEM. Positive VBEEM allows a successful BEES signal detection by creating an
external electric field in pentacene thin film, which assists electron hopping towards
Ox-Au after crossing the interfacial area.
reaching the bottom electrode. However, scattering may create a hole distribution
in the base Ag layer [23, 102]. As shown in Fig. 3.54b, one injected hot electron
relaxes to EF, exciting a secondary electron to EF by energy and momentum transfer.
Thus, a distribution of holes is created in the base, and some of these may cross the
Ag/pentacene interface and reach the collector by hopping, with the tilted energy
band inside the pentacene thin film. Consequently, BHES and BEES with a negative
VBEEM have the identical current polarity and the similar injection barriers.
To determine the energy level alignment between the EF of Ag and the LUMO
of pentacene thin film, ballistic electron injection (BEES) with a positive VBEEM was
also done on this sample. For Ag/p-Si, a forward (positive) bias just reduces the
band bending as well as the width of the depletion layer at the M/S interface, while
the energy band inside the Si wafer remains as flat, as shown in Fig 3.55a. For this
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 Kaiser-Bell fitting
Figure 3.56: Ballistic electron injection at Ag/pentacene interface at 150 K with
VBEEM=10 mV. Left: average of 5 BEES spectra showing SB higher than 1 eV. Right:
average of 19 BEES spectra showing SB around 0.6 eV. All spectra were randomly
taken over an 0.4 µm2 area.
kind of system, only Auger hole current signals can be detected, since the interfacial
band bending prevents the movement of electrons into the Si wafer and cannot block
leakage of electrons back into the Ag electrode [102]. Similar to the negative VBEEM
case, for the Ag/pentacene/Ox-Au structure, part of the positive VBEEM is applied
on the pentacene thin film, tilting the energy band towards the collector, as shown
in Fig. 3.55b. Though the band bending layer still opposes the injection of electrons
from the base to the Si wafer, the tilted energy band makes sure that once electrons
cross the interfacial band bending area, they may hop forward to the collector and
contribute to BEES signals. Moreover, the tilted energy band blocks Auger-generated
holes from hopping towards the collector, which also makes the observation of BEES
signals possible.
As expected, BEES with positive VBEEM does yield an opposite current polarity
compared to BHES and BEES with negative VBEEM, as shown in Fig. 3.56. Again,
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BEES spectra with positive VBEEM can be divided into high SB group and low SB
group. An average of the former group yields an electron injection barrier as high as
-1.18 eV, while the averaging of the latter group gives an injection barrier of -0.64
eV. Note that for BEES with positive VBEEM, almost 40% of the BEES spectra (19 in
43) did not produce observable injection barriers and are noise-like as shown in Fig.
3.49.
Figure 3.57: Energy level alignment for different types of Ag/Pn interfaces: (a) Ag/Pn
interface with negligible diffusion. (b) Ag/Pn interface with slight diffusion, modifying
the organic band gap by reducing the hole and electron injection barriers. (c) Ag/Pn
interface with heavy diffusion, reducing the organic band gap to vanishingly small
and producing nearly ohmic contact at M/O interface.
Combining BHES with negative VBEEM and BEES with positive VBEEM in the
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Ag/Pn/Ox-Au structure, the diffusion of Ag atoms into the organic thin film not
only reduces the hole injection barriers but also the electron ones. Such a finding
contradicts the theory proposed by Kahn’s group, in which the diffuse metal atom will
merely shift EF upwards or downwards inside the band gap of the organic thin film,
by donating or accepting electrons to the organic molecules [4]. For the high Schottky
barrier areas, which means negligible interfacial diffusion, BHES with negative VBEEM
and BEES with negative VBEEM yield a band gap of 1.8 eV (0.6 eV for holes and 1.2
eV for electrons). This result is in good agreement with the photoemission results by
Kahn et al [81]. The energy level alignment of these areas is shown in Fig. 3.57a. As
diffusion gets stronger, both hole and electron injection barriers will be reduced as a
result of a reduction in the band gap, which can be understood by the introduction
of gap states due to the diffusion of Ag atoms, as shown in Fig. 3.57b. For heavily
diffuse Ag/pentacene interface, the energy level alignment is shown in Fig. 3.57c,
where the band gap is vanishingly small and nearly ohmic contact can be achieved.
3.5.2 BEEM on pentacene thin films with disordered struc-
ture
The dipole formation at M/O interfaces depends on two competing mechanisms,
namely interfacial bond formation and charge transfer, and the “cushion” effect [82–
84]. Both mechanisms are expected to be sensitive to molecular orientations at the
interface, since pi electrons are highly polarized in molecules. For planar molecules
like pentacene, this effect should be more pronounced due to a perpendicular pi-orbital
dipole momentum to the molecular backbone.
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50 nm Pn on Au (Ag), Tsubstrate=80 K
Figure 3.58: NEXAFS of pentacene thin films grown on Au(Ag), with the substrates
kept at liquid nitrogen temperature during pentacene evaporation. Such prepared
pentacene thin films are amorphous and substrate-independent, with a molecular tilt
angle of 49± 5 ◦.
In the last subsection, the Ag/pentacene interface is formed by a contact between
Ag and the [001] surface of the “thin-film phase” structure. This crystal surface is very
inert due to a diminished pi-orbital distribution. Thus, it would be quite interesting
to compare this special Ag/pentacene interface to the others with effective metal-pi
interactions.
An easy way to change the surface molecular orientations of pentacene thin film is
to keep the substrate at liquid nitrogen temperature when evaporating pentacene [31].
As shown in Fig. 3.58, the resulting pentacene thin film is amorphous with a random
molecular orientation of 49 ◦, calculated using the method introduced in Section 2.4.2
and Ref. [38]. It is also substrate independent, showing identical NEXAFS results
on Au and Ag, in contrast to the pentacene thin films prepared at RT on air-Au and
air-Ag (see Section 3.2.1).
However, such amorphous pentacene thin film is not stable at RT. As shown in the
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Figure 3.59: SEM image of the Ag surface of a fresh prepared Ag(15
nm)/Pentacene(15 nm)/Au(40 nm) junction. Both the pentacene and the top Ag
layers were prepared by direct cold evaporation with the substrate kept at liquid ni-
trogen temperature. After warmed up to RT, the Ag surface is covered by pentacene
molecules, with distinct big clusters indicated by arrows.
scanning electron microscopy (SEM) image of a Ag/pentacene/Au junction in Fig.
3.59, as long as the junction is warmed up to RT, the top Ag surface is covered by
pentacene molecules and clusters, due to molecule migration and self-organization on
the metal surface. This kind of samples is not suitable for BEEM experiments, since
the STM feedback loop cannot maintain a constant current on the top Ag surface.
Moreover, it is not the intrinsic Ag/pentacene interface we are interested in.
So, to measure this Ag/pentacene(amorphous) interface, an in-situ sample prepa-
ration and characterization system is required. To stop the surface migration of









In the first part of this chapter (Section 4.2), we present the results on hot charge
carrier transport in Au-HfO2-SiO2-Si structures.
HfO2 is an important high-K dielectric due to its high dielectric constant (around
25), relatively large band gap (5.8 eV), thermostability and appropriate band offsets
with Si, and other process compatibility issues [103]. It has been used in the new-
generation 45 nm transistors [104], replacing the ultrathin SiON layer (approaching
1.5 nm) to solve the leakage current problems arising from direct electron tunneling.
In real situations, there exists an interfacial layer (IL) of SiO2 between the Si channel
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and the HfO2 layer, introduced by the oxidation of the underlying Si by oxygen dif-
fusing through the HfO2 layer during the post-deposition annealing stage [105, 106].
The SiO2 IL may also be intentionally introduced to aid the adhesion of HfO2 to Si
[107–109] and to improve the overall electrical quality of the gate dielectric/Si inter-
face [103, 110]. As a result, MOS devices based on HfO2 usually have the stacking
structure of metal-HfO2-SiO2-Si. Characterization of the electronic structure and
understanding hot electron transport in this complex stack will help us understand
MOS device performance and reliability. Moreover, since both the HfO2 and SiO2
layers are in the few nm thickness range, local fluctuations of thickness and defect
concentrations in both dielectric materials become increasingly important. Thus, a
technique with microscopic resolution is required when characterizing material prop-
erties of these MOS structures.
Besides the interfacial electronic structure, another important criterion for these
new high dielectric oxides [103, 110] is electrical reliability, which is usually tested
in MOS structures by constant current stress, constant voltage stress, or current-
voltage (IV) sweeping [111]. Using these conventional techniques, abrupt changes in
the current or voltage signals, corresponding to the soft or hard breakdowns of the
dielectric, will be observed. Contrasting data can be found in highly localized stressing
studies done by scanning probe microscopy. For example, BEES [19–21] on 3.8 nm
device-grade SiO2 shows that the dielectric layer degrades gradually by a three stage
process [29, 112]. Recent conduction atomic force microscopy (CAFM) also shows that
different pre- and post-breakdown phenomena can be observed when HfO2-SiO2-Si
structures are stressed on the nanometer scale [113]. The discrepancy comes from
the different nature of the macroscopic and microscopic probing techniques. While
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the former yields averaged electrical parameters over the whole gate area (i.e. several
to several hundred micrometer square area), the latter only induces nanometer scale
dielectric degradations and breakdown.
The requirement in microscopic resolution and localized stressing and breakdown
tests in high-K MOS structures can be met by BEES, which has proven to be a
powerful tool in studying SiO2 based MOS structures [29]. In these studies, BEES
has been used to study local stressing and breakdown, acquire spatial distributions
of charge traps, determine the effective mass of electrons and other fundamental
parameters in oxide. Being a STM based technique, it is capable of nanometer-scale
lateral resolution and high injection current density with hot electrons of tunable
kinetic energy [29, 114].
Compared to CAFM, another microscopic probing technique using a metal-coated
AFM probe as the top electrode, BEES does not apply stressing voltage directly on
the gate stack. It also provides the advantage of controlling the band tilting of the
tested MOS structures [29, 114]. BEES samples also adopt the same MOS structure
as conventional IV samples (see Fig. 2.2), allowing for in-situ IV measurements by
applying voltage to the base and collector directly. Thus, the standard macroscopic
IV and microscopic BEES stressing and breakdown phenomena can be studied on
the same sample, allowing direct comparison of the macroscopic and microscopic
measurements.
In Section 4.2, we first introduce a new method to determine the electron injection
barrier heights (BH) between the Au Fermi level (EF) and the conduction band edges
of the two oxide layers, Φn-HfO2 and Φn-SiO2 . The higher barrier, Φn-SiO2 , is found
straightforwardly by sweeping the tip bias from a low (-1 V) to a high value (-5 V),
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using a low (1-2 nA) injection current. The lower barrier, Φn-HfO2 , is acquired by
inducing localized soft breakdown in SiO2. After soft breakdown, the barrier trans-
mission and hence the BEES spectra is dominated by Φn-HfO2 . We further show that
the same method can also be employed to detect the intrinsic hole injection barrier
between the Au EF and the valence band edge of HfO2. Thus, the complete band
diagram of Au-HfO2-SiO2-Si MOS structures can be determined. The technique can
be used to study other high K oxide films for MOS structures because most materials
of interest form a two barrier system with a SiO2 interfacial layer near the Si.
We also observed complex oscillations in the collector current. One-dimensional
quantum transmission through a two-barrier model can describe the experimental
data quite well, allowing the energy-dependent effective mass of electrons in HfO2 to
be determined by matching the calculated and experimental transmission peaks.
Finally, we directly test the influence of BEES-induced nanoscale breakdown on a
macroscopic IV measurement. Au-HfO2-SiOx-Si structures were stressed locally by
BEES. At specific locations, continuous BEES sweeping induced gradual degradations
and finally breakdown in the IL layer, following a similar three-stage breakdown
process found in SiO2 by Ludeke et al [29, 112]. Macroscopic IV s of the gate stack
were measured just before and after the BEES stressing procedure. By comparing the
IV with direct tunneling and Fowler-Nordheim (FN) tunneling calculations, we show
how the microscopic localized degradations and breakdowns were masked by the large
gate area involved in the macroscopic measurement. We estimate the maximum gate
area required for macroscopic devices with different thicknesses of SiO2 to be able to
observe a nanoscale breakdown using conventional IV technique.
In the second part of this chapter (Section 4.3), we will compare ballistic charge
122
injection studies on metal-inorganic semiconductor, metal-organic semiconductor and
metal-oxide interfaces. Similarities and differences between these three are discussed.
4.2 Hot charge carrier transport in Au-HfO2-SiO2-
Si structures
The HfO2 samples used in this work were grown by MOCVD on 0.72 mm thick p-
type Si(100) wafers (doping level of ∼ 1015 cm−3). Measured by TEM, the average
thicknesses of the HfO2 and SiO2 layers are 4 nm and 1.5 nm respectively. Fig. 4.1
shows the surface morphology and phase images of HfO2. The phase image indicates
the co-existence of two crystalline phases, labeled by P1 and P2 respectively.
Figure 4.1: AFM topography (left) and phase (right) images of HfO2 surface. From
the topography image, the RMS and peak-to-peak roughness are 0.54 nm and 2 nm
respectively. The phase image indicates that the surface roughness mainly comes
from the co-existence of two crystalline phases.
For the BEES measurements, a 0.5 mm square Au-HfO2-SiOx-Si MOS structure
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was made. The top Au electrode (nominally 10 nm thick) was prepared by cold-
deposition in high vacuum at liquid nitrogen temperature. The diode area was defined
by a mechanical mask. The base was carefully contacted by thin gold wire and
connected to the ground. The back side of the wafer (the collector) was ion-implanted
by aluminum and connected to the BEES amplifier by commercially available silver
paste. BEES measurements were done at liquid nitrogen temperature in the home-
made BEEM system introduced in Chapter 2. Note that at most positions no BEES
signal is observed, probably due to the small HfO2 grain size of ∼ 15 nm as determined
by TEM. It could also be caused by thickness variations in the dielectric thin films
or defects.
To do macroscopic IV measurements, the BEES amplifier was disconnected and
voltage was applied from the base to the collector using a Keithley 6430 source meter
(see Fig. 2.2). During macroscopic IV acquisition a 0.5 s source measure delay was
set to remove capacitance effects, making the forward and reverse IV curves nearly
identical.
A representative BEES spectrum with high Schottky barrier (which we term group
I spectra) is shown in Fig. 4.2. To acquire these high barrier value, the STM tip bias
was swept from low (-1 V) to high (-5 V) with 1 nA tunneling current [115] on
fresh locations, i.e. areas not previously exposed to BEES scanning. This ensures
that the results are from a virgin interface, and avoids interfacial regions that may
have accumulated trapped charges or been stressed electrically. The acquired barrier
heights of the group I spectra varied from 3.6 to 4.1 eV, as found from fitting the data
to the n=2.5 Kaiser-Bell model [20, 116]. These values are in excellent agreement
with ealier studies on Au-SiO2 interfaces which yielded a BH of 4.1±0.2 eV [117].
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Figure 4.2: A plot of collector current as a function of tip voltage showing a 3.7 eV
Schottky barrier. This was acquired by sweeping the tip bias from -1 V to -5 V, with
1 nA setpoint current. The solid red line is the Kaiser-Bell model fit to the raw data.
The small variations in BH are probably caused by SiO2 thickness fluctuations or by
accumulation of positive charge near the SiO2-Si interface during the BEES sweep
[118].
To acquire the intrinsic barrier height of the HfO2 layer, the SiO2 must undergo
a soft breakdown. The STM tip was moved to a fresh location and one BEES sweep
was carried out from -6 V to -1 V at 5 nA injection current [119]. The voltage is
chosen to be ∼ 2 eV above the SiO2 BH. This has been shown to be able to induce
soft breakdown at specific locations for device-grade SiO2 [29, 112]. If soft breakdown
was not observed, the STM tip was moved to a new unexposed location. On observing
soft breakdown, a second BEES spectrum below -5.5 V with the same current setpoint
was acquired without moving the tip position.
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Figure 4.3: A plot of collector current as a function of tip bias voltage showing the
intrinsic barrier height of the Au-HfO2 interface to be 2.1 eV. This spectrum was
acquired by sweeping the tip voltage from -5.5 V to -1 V with 5 nA setpoint current.
The inset is a zoom in of the spectrum near the threshold. The red solid line is the
Kaiser-Bell model fit.
A typical BEES spectrum with these settings is shown in Fig. 4.3. Compared
with the group I spectra, the Schottky barrier heights of the second group (labeled
group II) are significantly reduced, e.g in Figure 4.3 from ∼3.8 eV to ∼2.1 eV. This
2.1 eV threshold can be detected repeatedly after soft breakdown of the interfacial
layer, and it should be compared with the conduction band offsets of HfO2 and SiO2
on Si reported in Ref. [103] (3.2 eV and 1.4 eV respectively, see Fig. 4.5), from which
local band offsets of 2.3 eV can be estimated. From the BEES data, we find a local
band offset from 1.7 to 2.1 eV, which is consistent with the estimation taking image
potential effects into account. So we assign 1.9 eV as the band offset between the Au
Fermi level and the conduction band bottom of HfO2.
It should be emphasized here that in Fig. 4.2 and Fig. 4.3, we are injecting
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Figure 4.4: BEES and BHES (two subsequent spectra) acquisitions on one single
location of Au-HfO2-SiO2-Si. The opposite sign of BEES and BHES confirms that
they are RBEEM (electron injection) and BEEM (hole injection) spectra respectively.
Current setpoint: 5 nA. Temperature: 100 K.
the minority charge carriers, i.e. electrons, into Si. The negative sign of the BEEM
current indicates that these are intrinsic RBEEM signals instead of Auger holes.
We further used the same method to detect the hole injection barrier between the
Au EF and the valence band edge of HfO2, Φh-HfO2 . We first found a fresh location
and induced soft breakdown using the experimental parameters discussed above. One
BEES spectrum followed by one BHES spectrum were then acquired on the same tip
position. As shown in Fig. 4.4, an electron injection barrier of 1.7 eV and a hole
injection barrier of 2.7 eV are measured respectively for one tip location. From these
two barrier heights, the localized band gap of HfO2 can be estimated as 4.4 eV, which
probably corresponds to a monoclinic crystal structure [120]. We have also found























Figure 4.5: The energy-band diagram of Au-HfO2-SiO2 structures as inferred from
BEES and BHES experiments. Parameters in red color are acquired by BEEM.
Φh-HfO2 could be related to the orthorhombic phase (Eg ≈ 5.9 eV [120]), which is
intermixed with the monoclinic phase as indicated by the AFM results.
Thus we can infer the complete energy-band diagram of Au-HfO2-SiO2-Si MOS
structures as illustrated in Fig. 4.5, in which the parameters obtained by BEEM are
labeled in red color.
We now consider the physical origins of the two distinct barriers that we have
observed by changing the hot electron kinetic energy and the injection current. First,
while sweeping the tip bias from -1 V to -5 V, ballistic electrons injected by the STM
tip are blocked by the lower barrier Φn-HfO2 , until the tip bias voltage reaches -1.9 eV.
At this bias voltage, hot electrons in a narrow distribution around the bias set point
(width of distribution ≤200 meV at bias > 5 V) [121] gain enough energy to cross
over the Φn-HfO2 barrier and populate the conduction band of HfO2. Some of these
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hot electrons have the possibility to travel across the HfO2 layer and reach the HfO2-
SiO2 interface. However, they are then blocked by the Φn-SiO2 barrier. As a result, no
collector current could be observed until hot electrons either acquire enough energy
to cross over Φn-SiO2 directly, or induce localized breakdowns in the SiO2 layer. The
latter is unlikely, since Ludeke and Wen reported that injection of hot electrons at -5
V and 2 nA for 30 seconds across 2.8 nm SiO2 does not cause any kind of breakdown,
but simply induces positive charge build-up near the SiO2/Si interface [118]. We
verified this interpretation (data not shown) by performing several consecutive (3 or
more) BEES spectra over the same location in which the voltage was swept from -5 V
to -1 V at 1 nA. No change in the BEES spectra was observed, thus the BEES current
of the group I spectra mainly comes from ballistic transport of electrons through the
Φn-SiO2 barrier.
For the group II spectra, the first sweep started from -6 V, which exposed the
native SiO2 layer to hot electron stressing from the beginning. As revealed by BEES
stressing on device-grade SiO2, the breakdown of SiO2 is controlled by defects and
impurities randomly distributed in the oxide. Only hot electrons with kinetic energy
& 2 eV above the conduction band edge of SiO2 can create new traps in the oxide,
which may lead to breakdown [29, 112]. After a localized soft breakdown, the intrin-
sic potential barrier of the Au-HfO2 becomes the main obstacle to ballistic electron
transport, allowing Φn-HfO2 to be measured. Note that the BH of Pd-SiO2-Si after
soft breakdown is ≤ 1 eV [112], and we thus attribute the measured value of ∼ 1.9
eV to the intrinsic BH of the HfO2 layer.
For about 30% of recorded BEES spectra, complex oscillations in collector cur-
















































Figure 4.6: (a) One BEES spectrum (black solid line) showing oscillatory structure
with peaks. Transmission peaks, determined by power law fits to the raw data, are
shown by the red solid line. The blue dotted line represents the calculated transmis-
sion coefficient. (b) Energy-dependent effective mass of electrons in HfO2, obtained
by matching the calculated and experimental peaks.
several current oscillation peaks is shown in Fig. 4.6a. After subtracting the power
law fit from the raw data, which basically removes the background BEES current
[122], several transmission peaks are observed, as shown by the red line in Fig. 4.6a.
The oscillatory structure can be attributed to quantum interference effects when hot
electrons travel across the oxide conduction band. Similar effects have been observed
for metal/SiO2/Si structures [122–126]. For the MOS structures studied here, hot
electrons must go through the HfO2 and SiO2 layers sequentially by ballistic trans-
port or tunneling, before contributing to the collector current. The one dimensional
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quantum transmission probability τ(KE) depends on the kinetic energy of hot elec-
trons (KE) and the superposition of incident electron waves and reflected waves at
the Au/HfO2, HfO2/SiO2 and SiO2/Si interfaces. For KE ≤ Φn-HfO2 , the low bias
regime, tunneling is the dominant process and no oscillations should be observed.
For Φn-HfO2 < KE ≤ Φn-SiO2 , the intermediate regime, interference occurs when elec-
tron waves cross over the conduction band of HfO2, although tunneling through the
SiO2 layer makes observation of oscillations less probable. When KE > Φn-SiO2 , the
oscillations are modulated both by the HfO2 and SiO2 layers. Using a two-barrier
model, we calculate the quantum transmission peaks through Au-HfO2-SiO2-Si struc-
tures within the framework of the WKB model. The transmission coefficient curve is
shown in Fig. 4.6a as the blue dotted line. By matching these calculated peaks with
the experimental ones (4.3 eV, 4.8 eV, 5.3 eV and 5.9 eV respectively), the energy-
dependent effective mass of electrons in HfO2 is acquired, as shown in Fig. 4.6b.
We have used Φn-HfO2=2.1 eV and Φn-SiO2=3.9 eV for the calculations, as discussed
above. The image potential effect was taken into account by calculating effective
barrier heights and widths. In our calculation, the effective mass of electrons in SiO2,
which is also a function of kinetic energy, uses values from Ref. [125]. It must be
noted that the effective mass data of Fig. 4.6b is an estimate, because a shift in
the positions of transmission peaks was found at different locations, primarily due to
uncertainty in the local thickness of both the HfO2 and SiO2 layers.
Though one BEES sweep from -6 V to -1 V at 5 nA could induce soft breakdown
at some locations as we have mentioned above, some specific locations show quite
robust resistance to continuous BEES stressing and only gradual changes in localized
injection barrier height have been observed.
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Figure 4.7: The degradation and breakdown sequence of Au-HfO2-SiO2-Si structures
from no stress (cycle 0) to the soft breakdown of the SiO2 layer (cycle 4), characterized
by a distinct change in BH. After the soft breakdown, the BH of the HfO2 layer is
detected (cycles 4 to 10, not every spectrum is shown). Current is always zero at low
bias but is offset for clarity.
Fig. 4.7 shows the breakdown sequence of Au-HfO2-SiO2-Si structures, done at
the same location by continuous BEES stressing from -6 V to -1.5 V at 5 nA. To do
BEES stressing, the STM tip was moved to a fresh location and one virgin sweep
from -5 V (or -5.5 V) to -1.5 V at 5 nA injection current was carried out first. If no
BEES signals were observed, the STM tip was moved to a new unexposed location.
Most locations which show no BEES signals at the virgin scan show robust resistance
to hot electron stressing, i.e. no BEES signals were observed even after 100 cycles
of continuous BEES sweeping from -6 V to -1.5 V at 5 nA. On observing a BEES
signal, BEES stressing from -6 V to -1.5 V with the same tunneling current setpoint
were done continuously without moving the tip position, as shown in Fig. 4.7. The
stressing voltage is chosen to be ∼ 2 eV above the BH of SiO2 (∼ 4 eV). This has been
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shown to induce soft breakdown in 3.8 nm SiO2 [29, 112]. Fig. 4.7 shows that a few
cycles of BEES stressing will lead to soft breakdown of the SiOx layer and the BEES
signal becomes dominated by the BH of the HfO2 layer [127]. The virgin cycle in Fig.
4.7 shows a BH of ∼ 3.8 eV (extracted by the n=2.5 Kaiser-Bell fitting [20, 116]),
corresponding to the BH between the Au Fermi level and the conduction band edge
of SiO2 (Φn-SiO2). The next two cycles (labeled 1 and 2) show a slight increase in BH
to ∼ 4.1 eV, arising from trap creation and filling in SiO2 [112]. Around cycle 3 -
4 soft breakdown occurs in the SiO2 and the measured BH falls from 2.1 to 1.7 eV,
corresponding to the intrinsic BH of the Au-HfO2 interface (Φn-HfO2). The changes in
the BH as a function of BEES stressing cycles are shown in Fig. 4.8, clearly showing
soft breakdown of the IL, consistent with other reports using conventional techniques
[111, 128] and CAFM [113].
For a 10 nm Au film, the interface area stressed by ballistic electrons injected by
the STM tip can be estimated as ∼ 1 nm in diameter [20]. Taking thermal drift of the
STM tip position during stressing cycles into account, we estimate the area exposed
to BEES stressing as ∼ 10 nm2.
We next measured the influence of the microscopic breakdown induced by BEES
on the macroscopic electrical properties of the MOS structure. Conventional IV s
were measured just before the virgin BEES sweep and after the final stressing cycle
(Fig. 4.9). The two IV s show identical behavior, indicating that the microscopic
degradations and breakdown induced by BEES (over ∼ 10 nm2) is masked by the
large gate stack area (∼ 0.5 mm2). The data in the low-bias direct tunneling region,
expected to be more sensitive to breakdown events [129], also shows no difference(see
inset, Fig. 4.9).
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Figure 4.8: The corresponding change in BH for each stress cycle defined in Fig. 4.7.
Inset: A schematic showing the experimental setup for (a) BEES and (b) conventional
IV measurements on the same sample. A simple change in wiring swaps between the
two setups.
We now discuss the possibility of observing a nanoscale breakdown using conven-
tional IV measurements on MOS samples with different dielectric thicknesses and
gate areas. The current density (Jnormal) through a pristine Au-HfO2-SiO2-Si struc-
ture at -4 V with 4 nm HfO2 and variable thickness of SiO2 is calculated by the
direct tunneling model proposed by Lee et al [130], using parameters acquired by
fitting the experimental IV curve in Fig. 4.9 to the model. The HfO2 layer was
treated as equivalent to 1.6 nm SiO2, estimated by the Metal-Insulator-Metal tun-
neling model proposed by Simmons [131]. The current density through the 10 nm2
breakdown spot (JBD) was calculated by FN tunneling, since the post-breakdown BH
(∼ 2 eV) is much lower than the bias (-4 V). The effective mass of electrons was
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Figure 4.9: Conventional current-voltage characteristics of ∼ 0.5 mm2 Au-HfO2-SiO2-
Si structures before and after the localized soft breakdown of the interfacial SiOx layer.
Inset: Zoom-in of the low-bias region from -1.0 V to 1.0 V.
set to 0.41 m0, where m0 is the free electron mass, by extrapolating the experimen-
tal data acquired by BEES [132] to an energy of -4 eV. Given Jnormal and JBD, we
can estimate the current flow through the whole MOS stucture after breakdown as
I = Inormal + IBD = Jnormal · Snormal + JBD · SBD, where Snormal and SBD represent the
size of the normal area, and the size of the nanoscale BD area (10 nm2), respectively.
For the gate stack we tested experimentally, the calculated JBD/Jnormal is ∼ 106 at -4
V.
Fig. 4.10 shows the estimated current flow across the gate stack for different gate
area and SiO2 thickness at -4 V. The current through the breakdown spot (IBD) is
constant (∼ 12 pA in this sample), corresponding to a breakdown area of 10 nm2
induced by BEES stressing. For IL thicker than 3 nm, the nanoscale breakdown
spot can be observed for gate areas up to 0.1 mm2 because IBD is much larger than
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Figure 4.10: Calculated tunneling current through Au-HfO2-SiO2-Si structures vs
normalized gate area for different SiO2 thicknesses. The nanoscale breakdown area
(SBD) is fixed at 10 nm
2, which also defines the scale of the actual gate area shown
on the upper x axis. The black solid line represents the threshold at which nanoscale
breakdowns can be observed by the macroscopic IV measurements, or are masked by
the gate area [133].
the gate leakage current. However, as the dielectric becomes thinner, the tunneling
leakage current increases greatly and for a given device geometry, IBD will reach
the signal-to-noise limit of the IV measurement. Here we define this threshold as
follows: to be measurable, IBD must be 10% of the total current. As shown in Fig.
4.10, the threshold is ∼ 120 pA and if the total current is larger than this value
then the microscopic breakdown will be masked. The intersection of this threshold
with different current-(gate area) curves represents the maximum gate area that can
be used to observe significant change in the macroscopic IV measurement when a
single nanoscale breakdown spot is introduced in the IL by BEES. Fig. 4.10 implies
that smaller MOS test areas are required as the dielectric becomes thinner. For the
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HfO2/SiO2 stacks used here, we estimate that the device area should be ≤ 100 µm2 to
yield observable changes in the macroscopic IV arising from a single BEES induced
local breakdown. Another interesting alternative would be to introduce multiple
breakdown spots using BEES one after another in a MOS structure with fixed gate
area and record conventional IV after each breakdown process.
In summary, we have shown that by selecting the kinetic energy of hot charge
carriers and the injection current, MOS structures with two different oxide layers
can be characterized by BEEM spectroscopy. We also show that unlike the conven-
tional metal/inorganic interfaces, BEEM and intrinsic RBEEM spectroscopy can be
acquired on the same MOS structure. As an example, BEES and BEHS have been
used to determine the full localized energy-band alignment of Au-HfO2-SiO2-Si struc-
tures. A two-barrier model has been proposed to explain the complex oscillations
observed in the BEES current. By matching the calculated and experimental trans-
mission peaks, the effective mass of electrons in the conduction band of HfO2 as a
function of kinetic energy is determined.
In the second part of this section, BEES and in-situ conventional IV characteris-
tics have been used to study the breakdown of Au-HfO2-SiO2-Si structures. Gradual
degradations and breakdown in the interfacial SiO2 layer, characterized by distinct
changes in BH from ∼ 3.8 eV to ∼ 1.9 eV, were observed by continuous BEES sweep
at the same location. By direct and FN tunneling calculations, we explain that un-
less the gate area is less than a critical size, such localized soft breakdowns will not
be observable in a standard macroscopic IV measurement of the whole MOS stack
because the leakage current from the large gate area masks the small breakdown cur-
rent. This problem in characterization of dielectrics becomes increasingly important
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for ultrathin gate oxide layers, and the data suggests that MOS structures of area ≤
100 µm2 are necessary to test for nanoscale breakdown effects.
4.3 Comparing ballistic charge injection at metal-
inorganic semiconductor, metal-organic semi-
conductor, and metal-oxide interfaces
In this study, we have shown ballistic charge injection studies on three distinct types
of interfaces.
The first type, metal/inorganic semiconductor interfaces, is most intensively in-
vestigated during the past two decades, and yields the most of the current knowledge
about BEEM. This type of interfaces is formed by the interfacial band bending, which
along with a flat energy band in the bulk of semiconductor only allows the majority
hot charge carriers to cross the M/S interface and contribute to BEEM signals. When
trying to inject the minority charge carriers, only Auger-RBEEM signals related to
the majority charge carriers can be detected. Thus, for metal/inorganic semiconduc-
tor interfaces, BEEM can only be used to probe either the conduction band structure
of n-type semiconductors or the valence band of p-type semiconductors.
In Chapter 3, using Ag/pentacene as an example, we show that this limitation
does not apply to metal/organic semiconductor interfaces. Such a difference orig-
inates from the hopping conduction in organic thin film (the space-charge effect),
which requires appropriate BEEM bias on the collector for a successful BEEM sig-
nal detection. The applied BEEM bias tilts the energy band of the organic thin
film and assists either the majority charge carriers or the minority charge carriers to
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hop toward the collector. Thus, by changing the polarity of BEEM bias, both the
conduction band and the valence band structures of organic semiconductor can be
characterized on the same sample.
Similar with Ag/pentacene, a successful BEEM signal detection through MOS also
involves two subsequent procedures, namely charge injection at metal/oxide interface
and the subsequent charge transport in the oxide layer. Unlike pentacene thin film,
charge transport in oxide can be treated as band transport, meaning that BEEM bias
is not necessary for BEEM experiments (though it is preferred to modify the band
tilting in oxide). This is simply due to the fact that the oxide thickness is ultra thin
(less than 10 nm) and is much smaller than the grain size of oxide (typically in sub-
µm). The ultra-thin oxide also means that both the majority and the minority charge
carriers have a chance to cross the oxide layer with an appropriate kinetic energy. So,
in principle, BEEM and intrinsic RBEEM should be able to be measured on the
same MOS structure. In Chapter 4, we have proved this hypothesis by comparing
hot electron and hole injections in Au-HfO2-SiO2-Si structures, in which BEEM and
intrinsic RBEEM spectra have been acquired respectively with an opposite polarity
in the BEEM current.
Chapter 5
Conclusions and prospective works
Charge injection at metal-organic interfaces and electrical transport in organic semi-
conductor thin films have been studied using ballistic electron emission microscopy
(BEEM) and other complementary techniques. Pentacene, a prototype planar pi-
conjugated molecule, has been used in this study.
A large portion of this thesis focuses on fabricating metal/organic/metal diodes for
BEEM experiments. We first show pentacene growth on metal substrates are strongly
dependent on molecule-substrate interactions at the organic/metal interfaces, produc-
ing pentacene thin films with small grain sizes and rough surfaces. Direct evaporation
of pentacene on these as-prepared metal substrates also leads to Schottky-type con-
tacts at the organic/metal interfaces, which are not suitable for BEEM experiments.
We further show that after the O2-plasma treatment of metal surfaces before pen-
tacene evaporation, molecule-substrate interaction is effectively suppressed and quasi
layer-by-layer growth of pentacene with an ordered “thin-film phase” structure is
resumed with 5 times bigger grain size and much smaller surface roughness. More
critically, an ohmic contact at Pn/Ox-Au interface is achieved.
Using temperature-dependent charge transport studies on Ag/Pn/Ag diodes, we
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show that direct metal evaporation on organic thin films produces metal-on-organic
interfaces close to ohmic contacts due to metal diffusion into the organic matrix.
At low temperature, a complex transition from injection-limited current to space-
charge-limited current in Ag/Pn/Ag diodes is observed, providing the first direct
experimental support for the theoretical prediction proposed by Arkhipov et al [18].
Conventional current-voltage measurements on Ag/Pn/Ox-Au diodes show that
depending on the strength of metal diffusion into organic matrix, different types of
metal-on-organic interfaces, namely ideal, slightly-diffuse and heavily-diffuse, can be
produced. Upon continuous I-V stressing, transitions from ideal to slightly-diffuse
and from slightly-diffuse to heavily-diffuse M/O interfaces are observed.
Using BHES with negative VBEEM and BEES with positive VBEEM on a slightly-
diffuse Ag/Pn/Ox-Au diode, we show that metal diffusion introduces low Schottky
barrier patches at the M/O interface, intermixed with the non-diffuse areas. In these
low SB patches, metal diffusion lowers both hole and electron injection barriers, in-
stead of shifting the Fermi level of pentacene thin film inside the band gap.
We have also compared ballistic charge injection studies on metal/inorganic semi-
conductor, metal/organic semiconductor, and metal/oxide interfaces. For the conven-
tional metal/inorganic semiconductor interfaces, the interfacial band bending and the
flat energy band in the semiconductor bulk only allow the band structure correspond-
ing to the majority charge carriers to be probed by BEEM. When trying to inject the
minority charge carriers, only Auger-RBEEM signals related to the majority charge
carriers can be detected.
Using Ag/pentacene, we show that this limitation does not apply to metal/organic
semiconductor interfaces. The space-charge effect, related to the hopping conduction
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in organic thin film, requires appropriate VBEEM for successful BEEM signal detection.
Different polarity of VBEEM tilts the energy band of organic thin film accordingly and
assists either the majority charge carriers or the minority charge carriers in hopping
toward the collector.
The same limitation also does not apply to metal/oxide interfaces. The ultra-thin
oxides allow both the majority and the minority charge carriers to do band transport
through the oxide layers with an appropriate kinetic energy. We prove this hypothesis
by acquiring BEEM and intrinsic RBEEM spectra on the same Au/HfO2/SiO2/Si
structure.
Thus, our ballistic charge injection studies on metal/organic semiconductor and
metal/oxide interfaces have greatly improved the versatility of BEEM in studying
interfacial electronic structures by probing the valence and conduction band structures
of oxides and organic semiconductors at the same time. Our results on M/O and
metal/oxide interfaces also imply that the current knowledge of BEEM, mainly based
on metal/inorganic semiconductor interfaces, is insufficient for understanding ballistic
charge injection at metal/organic semiconductor and metal/oxide interfaces.
For the future work, it would be interesting to study the effect of the valence (con-
duction) band structure of organic thin film on ballistic hole (electron) injection at the
M/O interface. Unlike the delocalized charge carriers in Si and GaAs, charge carriers
in organic solids are more confined in individual molecules, while the band disper-
sion originating from inter-molecular pi-pi interactions is rather weak. Thus, organic
solids have band structures resembling molecular orbitals of individual molecules, in
contrast to the parabolic band structure in Si and GaAs. In Section 3.5.1, we have
shown that BEEM spectra of the Ag/pentacene interface deviate from the Kaiser-Bell
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model above ∼ 0.9V, which corresponds to the HOMO peak position of pentacene
thin films. It is not clear whether such strong deviation is due to scattering or the
HOMO band structure. It should also be noted that the Kaiser-Bell model and the
four-step model of BEEM [20] are based on the assumption of a parabolic band struc-
ture in semiconductor. Thus, theoretical approaches taking the band structures of
organic solids into account would help in understanding ballistic charge injection at
M/O interfaces.
It would also be interesting to examine the role of molecular orientation at M/O
interface on the interfacial dipole formation and charge injection. In Section 3.5.1,
we have shown BEEM studies on Ag/pentacene interface formed by contacting Ag to
the [001] surface of the “thin-film phase”. We have also shown in Section 3.5.2 that
Ag/pentacene interface between the Ag electrode and randomly oriented pentacene
molecules can be prepared by evaporating organic thin films onto substrates at liquid
nitrogen temperature. However, to characterize this kind of Ag/pentacene interface,
an in-situ cryogenic sample preparation and characterization system is required to
stop the surface migration of pentacene molecules. Another more realistic approach
would be to prepare pentacene thin films in a mixture of the “thin-film phase” and the
“single-crystal phase” by keeping substrates above RT during organic evaporation,
as shown in Section 3.3. Thus, different surface orientations of pentacene solids will
be exposed to form the M/O interface. However, it would be difficult to distinguish
different crystal surfaces in this system, since they are randomly mixed.
Another interesting direction would be to study the electrical stressing and break-
down in Ag/pentacene/Ox-Au using BEEM spectroscopy, and compare the results
to the conventional current-voltage characteristics in Section 3.4.2. The nanometer
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lateral resolution, high injection current density and tunable kinetic energy of in-
jected charge carriers of BEEM would give insights into the electrical reliability and
breakdown mechanism of M/O interfaces. It would also be interesting to introduce lo-
calized breakdown at the M/O interface, and study its impact on macroscopic charge
transport.
Finally, it would be helpful in understanding M/O interfaces if different types of
organic molecules, such as rubrene (planar with sidechains) and C60 (non-planar, sym-
metrical) could be studied using BEEM and its complementary techniques. It would
also be interesting if M/O interfaces prepared in-situ in UHV and under realistic
conditions can be studied by BEEM in a comparative manner.
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